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Water and forage are key non-substitutable resources for herbivores in arid and semi-arid ecosystems. 
The distribution of surface water determines the distribution and abundance of water dependent animal 
species: yet little is known about the processes involved at the individual level. Thirteen African savanna 
elephant family groups and ten bulls (Loxodonta Africana) were tracked with GPS collars within and on 
the outskirts of Hwange National Park, Zimbabwe. Elephants behave as multiple central place foragers: 
They visit waterholes periodically every 5h, 24h, 48h or 72h and travel further from water during longer 
trips. During the dry season, temperatures increase and forage becomes depleted closer to water. 
Elephant family groups visit waterholes more often by increasing the proportion of briefer trips and 
abandoning 72h trips. However, they forage further during 24h trips by increasing travelling speed. 
Elephant movement patterns reveal that locomotional and navigational abilities are at the core of their 
coping strategies although these abilities are seldom allowed to vary in most foraging models of animal's 
use of heterogeneously distributed resources. During these foraging trips, family herds select areas with 
low waterhole density at multiple scales. Selection strength for low density areas increases with both 
distance to water and the advancement of the dry season. While scaling effects are widely recognized, 
the effects of the spatial distribution of multiple central places constraining foraging have been ignored 
although they determine depletion effects and their feedbacks on habitat selection. I also showed that 
elephant and buffalo strongly avoid livestock and people that herd them at the boundary of a protected 
area during the rainy season. Nevertheless, avoidance decreases during the dry season when foraging 
and drinking resources become scarce. Elephants are increasingly constrained by surface water 
availability during the dry season as their drinking requirements increase while they strive to maintain 
their forage intake. This study provides quantitative assessment of individual water dependence and of 
landscape effects of surface water distribution on a large herbivore. These findings can inform surface 
water management in contexts of aridification resulting from climate change. 
RESUME 
L’eau et le fourrage sont deux ressources non substituables pour les herbivores dans les écosystèmes 
arides et semi-arides. La distribution spatiale de l’eau de surface détermine la distribution et 
l’abondance des espèces dépendantes de l’eau. Cependant les processus impliqués à l’échelle 
individuelle demeurent méconnus. Treize groupes familiaux d’éléphants d’Afrique (Loxodonta africana) 
et dix mâles ont été équipés de colliers GPS dans le parc National de Hwange, au Zimbabwe, et à sa 
périphérie. Les éléphants fourragent autour de multiples points centraux : ils visitent un point d’eau 
périodiquement toutes les 5h, 24h, 48h ou 72h et s’éloignent plus de l’eau lorsque ils font des trajets de 
plus longue durée. Pendant la saison sèche, la température augmente et les ressources fourragères 
s’épuisent à proximité de l’eau. Les groupes familiaux d’éléphants visitent les points d’eau plus souvent 
en augmentant la fréquence des trajets courts et en abandonnant les trajets de 72h. Néanmoins, ils 
parviennent à se rendre plus loin de l’eau pendant les trajets de 24h en augmentant la vitesse de 
déplacement. Ainsi les patrons de déplacement révèlent que les capacités de locomotion et de 
navigation des éléphants sont au cœur de leur stratégie d’adaptation à la saison sèche. Malgré cela, ces 
capacités sont rarement incluses dans les modèles d’approvisionnement dans des environnements 
hétérogènes. Pendant ces trajets, les groupes familiaux sélectionnent les zones de faible densité de 
points d’eau à des échelles multiples. La force de la sélection pour ces zones de faible densité augmente 
avec la longueur du trajet et au cours de la saison. Bien que l’importance des échelles spatiales soit bien 
établie dans la littérature, les contraintes associées à l’utilisation de multiples points centraux distribués 
de manière hétérogène dans le paysage ont été négligées alors que cette distribution détermine le 
degré d’épuisement des ressources fourragères et les rétroactions sur la sélection de l’habitat. J’ai 
également montré que les éléphants et les buffles évitent fortement le bétail et les humains qui les 
conduisent en périphérie d’une zone protégée pendant la saison des pluies. Cependant cet évitement 
décline au cours de la saison sèche en raison de l’assèchement des points d’eau et de la raréfaction des 
ressources fourragères. Les éléphants sont de plus en plus contraints par la distribution de l’eau de 
surface en saison sèche en raison de l’augmentation de leur besoins en eau tandis qu’ils tentent de 
maintenir leur approvisionnement en fourrage. Cette étude donne une évaluation quantitative de la 
contrainte en eau à l’échelle individuelle ainsi que les effets de la distribution en eau dans le paysage 
sur un grand herbivore. Ces résultats peuvent guider les politiques de gestion de l’eau dans un contexte 




























































































































































































































































In	arid	and	semi-arid	ecosystems,	organisms	have	adapted	 their	 life	histories	 to	cope	with	
water	 scarcity.	 Annual	 plants	 can	 sustain	 prolonged	 periods	 of	 dormancy,	 as	 seeds	 that	
germinate,	grow	and	reproduce	within	the	short	period	following	rainfall	events.	Perennial	
plants	 can	 become	 dormant	 by	 storing	 their	 reserves	 below	 ground	 or	 overcome	 water	
scarcity	by	sending	roots	to	tap	into	buried	aquifers	up	to	40m	below	ground.	Some	animal	








species	 have	 been	 considered	 as	 water	 independent	 because	 the	 foliage	 they	 consume	
contains	sufficient	moisture	all	year	around	to	satisfy	their	requirements	and	their	movements	
are	not	restricted	by	the	distribution	of	drinking	water	(Redfern	et	al.	2003).	However,	grazing	
fodder	 dries	 out	 rapidly	 during	 the	 dry	 season,	 as	 a	 result	 most	 grazing	 species	 water	




McManus	 1975)	 and	 limited	 access	 to	 water	 substantially	 reduces	 short	 and	 long	 term	
reproductive	success	(Scribner	&	Wynne-Edwards	1994).	The	direct	effects	of	water	limitation	
may	be	 relevant	 for	 species	 living	 in	arid	environments	 that	extract	water	 from	their	 food	
(Nagy	 1994)	 or	 need	 to	 dig	 their	 way	 to	 underground	 seeps	 (Rozen-Rechels	 et	 al.	 2015).	





















However,	 true	 examples	 of	 central	 foraging	 around	 water	 points	 may	 be	 restricted	 to	
domestic	livestock	kept	in	paddocks	(Squires	1976)	with	a	single	water	source	or	herded	by	
people	(Coppolillo	2001;	Butt	2010).	Free	ranging	herbivores	are	more	likely	to	be	multiple	
central	 place	 foragers	 because	 they	 have	 access	 to	 multiple	 central	 places	 (Chapman,	







provide	 a	 hierarchical	 framework	 to	 assess	 limitation	 by	 two	 non-substitutable	 resources	
(Figure	2).		
1.2.1 Central	place	effects		
Central	 place	 effects	 occur	when	 animals	must	 return	 regularly	 to	 a	 single	 location	 in	 the	














due	 to	 depletion	 close	 to	 the	 central	 place.	 For	 example,	 fish	 densities	 are	 lower	 around	
seabird	 colonies	 (Birt	 et	 al.	 1987)	 and	 forage	 biomass	 is	 lower	 on	 prairie	 dog	 (Cynomys	
ludovicianus)	 towns	 than	 the	 surrounding	 grasslands	 (Augustine	&	 Springer	 2013).	 Central	
place	effects	associated	with	strong	density	dependence	effects	(Rozen-Rechels	et	al.	2015)	
may	ultimately	regulate	population	size	(Gaston,	Ydenberg	&	Smith	2007).	The	area	affected	
by	 herbivores	 around	water	 points	 has	 been	 termed	piosphere	 (from	 the	Greek	 “pios”	 to	
drink;	 Lange	 1969).	 In	 addition	 to	 seasonal	 depletion,	 piosphere	 effects	 include	 long	 term	
modifications	of	the	vegetation	structure	and	composition	along	a	distance	to	water	gradient	
(Thrash	&	Derry	2008;	Chamaillé-Jammes,	Fritz	&	Madzikanda	2009;	Landman	et	al.	2012).	






Figure	 2:	 The	 effects	 of	 heterogeneous	 resource	 distribution	 on	 foraging	 and	 habitat	
selection.	 	 (A)	Central	place	 foraging	effects	around	a	 single	water	pan.	Multiple	 central	
place	effects	(B	&	C)	depend	on	larger	scale	processes	such	as	resource	complementation	in	
areas	with	higher	waterhole	density	(B).	
During	each	 foraging	 trip,	herbivores	have	a	 limited	amount	of	 time	to	 forage	before	 they	
must	 return	 to	 the	 central	 point.	 As	 a	 result,	 foraging	 decisions	 are	 driven	 by	 missed	
opportunity	costs.	Accordingly,	herbivores	spend	more	time	foraging	and	have	lower	giving	




away	 from	water	ponds	and	 lower	quality	heathlands	 close	 to	water	ponds	due	 to	 forage	
depletion	 of	 high	 quality	 grasslands	 close	 to	 water	 ponds	 (Rozen-Rechels	 et	 al.	 2015).	
However,	horses	that	must	dig	for	their	water	spend	more	time	accessing	water	than	horses	
drinking	 at	 ponds.	 These	 horses	 have	 less	 foraging	 time	 and	 select	more	 strongly	 for	 low	
quality	 heathlands	 close	 to	 water	 suggesting	 stronger	 density	 dependence	 when	 time	
allocated	 to	 acquiring	water	 increases	 (Rozen-Rechels	 et	 al.	 2015).	 The	 trade-off	 between	
water	and	forage	requirements	provides	a	good	case	study	to	understand	the	central	place	










central	 places	 allows	 an	 individual	 to	 expand	 its	 home-range	 by	 changing	 central	 place	
(Chapman,	 Chapman	 &	 McLaughlin	 1989)	 and	 reduces	 travel	 cost	 to	 the	 central	 place	
(McLaughlin	&	Montgomerie	1989,	Figure	1).	Chamaillé-Jammes	et	al.	 (2013)	distinguished	
looping	 trips	 (the	 individual	 returns	 to	 the	 same	 central	 place)	 from	commuting	 trips	 (the	
individual	changes	central	place).	Looping	trips	can	be	analysed	within	a	classical	central	place	
foraging	framework	(chapter	2	&	3)	whereas	commuting	trips	result	from	a	mixture	of	lower	








The	key	notion	underlying	 landscape	complementation	 is	proximity.	For	 instance,	wild	pigs	
living	in	riverine	systems	in	Australia	depend	on	pastures	for	forage	and	riverine	woodlands	
for	 refuge.	Population	 rate	of	 change	was	greater	 for	pigs	using	pastures	 close	 to	 riverine	
systems	resulting	from	increased	foraging	efficiency	(Choquenot	&	Ruscoe	2003).	Similarly,	in	
Bialowieza	 Forest,	 Poland,	 ravens	 (Corvus	 corax)	 build	 their	nests	 in	 coniferous	 stands	but	
forage	in	deciduous	woodlands	and	open	areas.	As	a	result,	breeding	performance	was	higher	
for	 couples	 living	 in	 coniferous	 stands	 which	were	 close	 to	 large	 areas	 of	 their	 preferred	
foraging	habitats	(Mueller	et	al.	2009).	In	both	of	these	studies,	landscape	complementation	
depended	on	the	location	of	individual	home-ranges.	Individuals	living	in	areas	with	greater	
resource	 complementation	 had	 a	 higher	 reproductive	 success	 (Mueller	 et	 al.	 2009)	 and	















study	 has	 attempted	 to	 account	 for	 this	 paradox	 (Roever	 et	 al.	 2014).	 In	 their	 study	 on	
elephant	 habitat	 selection,	 Roever	 et	 al.	 (2014)	 demonstrate	 that	 the	 distinction	between	
different	movement	modes	reveals	 fine	scale	patterns	of	avoidance	of	waterholes.	Habitat	
selection	 models	 with	 the	 same	 predictor	 variables	 that	 made	 this	 distinction	 found	 no	
patterns	or	the	opposite	pattern	of	preference	of	areas	close	to	water.	The	consequences	of	
resource	 depletion	 on	 central	 place	 effects	 and	 landscape	 complementation	 effects	 are	
explored	 in	 chapter	3	of	 this	 thesis	 and	 the	distinction	between	 foraging	bouts	 serve	as	 a	
baseline	in	habitat	selection	analyses	conducted	in	chapter	4.	
1.3 The	effects	of	seasonal	changes	in	water	availability	
Landscape	 composition	 (patch	 quality)	 and	 physiognomy	 (patch	 disposition)	 provide	 a	






occurs	 close	 to	 water	 (Thrash	 &	 Derry	 2008).	 As	 a	 result,	 landscape	 complementation	
decreases,	and	the	trade-off	between	satisfying	their	water	and	their	feeding	requirements	


























Key	 resources	 such	 as	 waterholes	 may	 be	 critical	 habitats	 regarding	 animal	 response	 to	
disturbances.	Water	dependent	species	need	to	drink	regularly	and	perceive	waterholes	as	







(Kangwana	 2011).	 Anthropogenic	 activities	 can	 alter	 animal	 activities	 in	 space	 and	 time.	
Animals	may	 avoid	 people	 at	 large	 scales	 (Hibert	 et	 al.	 2010),	 particularly	 close	 to	 water	
sources	(De	Leeuw	et	al.	2001).	At	finer	spatiotemporal	scales,	animals	typically	avoid	areas	
used	by	people	during	the	day	and	may	exploit	them	more	intensively	at	night	(Hebblewhite	























absence	 of	 perennial	 rivers	 and	 the	 near	 absence	 of	 any	 kind	 of	 perennial	 water	 source	
throughout	most	of	the	park.	
The	 climate	 in	Hwange	 is	 typical	 of	 semi-arid	 savannas;	water	 is	 plentiful	 and	widespread	
during	 the	 4-5	month	 long	 rainy	 season.	 Yet,	 once	 the	 7-8	month	 long	 dry	 season	 starts,	
animals	 can	 only	 find	 water	 in	 a	 few	 remaining	 water	 pans.	 Water	 pans	 are	 shallow	
depressions	ranging	from	a	few	dozen	to	a	few	hundred	meters	wide	that	fill	with	water	during	





African	 elephants	 (Loxodonta	 africana),	 are	 by	 far	 the	 most	 abundant	 herbivore	 living	 in	




























of	 precipitation	 falls	 between	 November	 and	 April	




the	 park	 is	 covered	 by	 Kalahari	 sands,	 the	North	 and	
extreme	 South	 consist	 in	 eroded	 granites,	 gneiss	 and	
basalts.		
• Surface	 water:	 Perennial	 Rivers	 are	 absent,	
seasonal	rivers	 in	the	North	and	thousands	of	
temporary	 pans	 hold	 water	 during	 the	 rainy	
season	 and	 dry-up	 during	 the	 dry	 season.	
Approximately	 60	 permanent	 waterholes	 are	
maintained	 by	 pumps	 throughout	 the	 dry	
season.		
• Vegetation:	Dystrophic	savanna	woodland	and	





(Giraffa	 camelopardalis),	 African	 buffalo	
(Syncerus	 caffer),	 greater	 kudu	 (Tragelaphus	
strepsiceros),	 plain	 zebra	 (Equus	 quagga),	
impala	 (Aepyceros	 melampus),	 and	 warthog	
(Phacochoerus	 africanus).	 Carnivores	 include	
lion	 (Panthera	 leo),	 spotted	 hyena	 (Crocuta	
crocuta),	 leopard	 (Panthera	 pardus),	 cheetah	
(Acynonyx	 jubatus),	 and	 wild	 dog	 (Lycaon	
pictus).	


















• 1940’s:	 First	 diesel	 pumps	 provide	 reliable	 water	 supply	 throughout	 the	 dry	
season.	The	number	of	pumped	pans	increases	gradually	up	to	about	60	pumped	
pans	in	the	1980’s.	(Chamaillé-Jammes	et	al.	2014)	





• 1983:	 It	 is	estimated	there	are	more	than	20	000	elephants.	The	major	culls	of	
1984,	1985	and	1986	brought	the	population	down	to	13	000	(Cumming	1981).	
• 1986:	 End	 of	 culling	 operations.	 Elephant	 population	 doubled	 from	 15	 000	 to	
30	 000	 in	a	 few	years	probably	due	 to	 immigration	 from	an	 unknown	 location	
(ibid.).	However,	elephant	bulls	are	still	shot	in	surrounding	Safari	Areas	by	trophy	
















African	savanna	elephants	are	 the	 largest	extant	 terrestrial	animal.	Males	average	3.2m	 in	
height	 and	 6	 tons	 in	weight,	 females	 only	 average	 2.6m	 in	 height	 and	 2.8	 tons	 in	weight	
(Wittemyer	2011).	Pronounced	sexual	dimorphism,	habitat	use	and	activity	patterns	of	female	
and	 male	 elephants	 has	 led	 several	 authors	 to	 consider	 elephant	 bulls	 and	 family	 herds	
composed	of	adult	females	and	their	young	as	distinct	ecological	species	(Shannon	et	al.	2006,	
2008;	Smit,	Grant	&	Whyte	2007;	de	Knegt	et	al.	2011).	
Thermoregulation	 in	 mammals	 is	 largely	 influenced	 by	 body	 size	 due	 to	 the	 constraints	
imposed	 by	 body	 surface	 to	 volume	 ratio.	 In	 tropical	 environments	 gigantic	 animals	 like	
elephants	and	other	megaherbivores	have	higher	baseline	rates	of	metabolic	heat	production	
than	heat	loss	(Rowe	et	al.	2013).	Elephants	have	evolved	a	range	of	physical	characteristics	


















scales,	 elephants	 will	 nonetheless	 prefer	 vegetation	 in	 nutrient	 hotspots	 such	 as	 termite	
mounds	(Holdo	&	McDowell	2004).	Elephants	select	areas	with	greener	vegetation	throughout	








Elephants	 have	 also	 been	 reported	 to	 shift	 their	 dietary	 requirements	 from	 maximizing	
Nitrogen	intake	during	the	rainy	season	to	maximizing	energy	intake	during	the	dry	season	
(Pretorius	et	al.	2012).	During	the	dry	season,	elephants	spend	17-19	hours	a	day	 foraging	
(Moss,	 Croze	 &	 Lee	 2011)	 but	 lose	 body	 condition	 and	 face	 higher	 risks	 of	 mortality	
(Williamson	1975a;	Conybeare	&	Haynes	1984).	Surface	water	availability	becomes	a	major	
determinant	of	habitat	use	during	the	dry	season	(Leggett	2006a;	De	Beer	&	Van	Aarde	2008;	
Loarie,	 van	 Aarde	 &	 Pimm	 2009;	 Cushman,	 Chase	 &	 Griffin	 2010;	 Roever	 et	 al.	 2014)	 as	
elephants	 remain	within	a	 few	kilometres	of	water	 (Conybeare	1991;	Redfern	et	al.	2003).	
Their	use	of	waterholes	is	best	described	as	multiple	central	place	foraging	characterized	by	
directed	movement	at	higher	speed	to	and	away	from	water	(Chamaillé-Jammes	et	al.	2013;	
Polansky,	 Kilian	 &	Wittemyer	 2015).	 During	 the	 dry	 season,	 elephants	 are	 thus	 forced	 to	
remain	close	to	water	to	drink	(Conybeare	1991;	Chamaillé-Jammes	et	al.	2013).	Elephants	












Douglas-Hamilton	&	Getz	2005).	The	basic	social	unit	 is	 the	mother-calf	unit,	 the	 following	
level	are	families	that	are	stable	groups	of	about	10	individuals	composed	of	closely	related	
breeding	 females	and	 their	offspring	 led	by	a	matriarch.	 Larger	aggregations	such	as	bond	
groups	or	even	more	loosely	related	clans	may	appear	during	the	rainy	season	but	break	apart	
during	the	dry	season	when	resources	become	scarce	(Wittemyer,	Douglas-Hamilton	&	Getz	
2005).	 Studies	 in	 Northern	 Kenya	 revealed	 dominant	 family	 groups	 remain	 within	 the	
protected	areas	during	the	dry	season	whereas	subordinate	groups	move	out	of	the	reserve	
(Paper	et	al.	2007).	Subordinate	individuals	were	exposed	to	higher	risk	outside	of	protected	
areas,	 their	movement	patterns	 followed	multiday	cycles	suggesting	 intermittent	access	 to	
water	whereas	dominant	groups	that	stayed	in	the	reserve	had	diurnal	cycles	suggesting	much	
more	regular	access	to	resources	and	lower	energy	expenditures	(Wittemyer	et	al.	2008).	Each	






Movement	 ecology	 relies	 on	 the	 correlation	 between	 an	 individual’s	 location(s)	 and	 the	
attributes	of	the	given	location(s)	to	infer	processes	relevant	to	the	individual’s	life	history	or	
the	functioning	of	its	environment.	Locational	attributes	can	reflect	environmental	conditions	
such	 as	 resource	 abundance	 (van	 Beest	 et	 al.	 2010;	 Martin	 et	 al.	 2015),	 predation	 risk	
(Hebblewhite	&	Merrill	2009;	Courbin	et	al.	2015)	or	even	temperature	(Kinahan,	Pimm	&	van	
Aarde	 2007;	 van	 Beest,	 Van	 Moorter	 &	 Milner	 2012).	 Locational	 attributes	 can	 also	 be	
obtained	 directly	 from	 movement	 patterns	 such	 as	 speed	 and	 turning	 angles	 (Jonsen,	
Flemming	&	Myers	2005),	residence	time	or	recursions	(Benhamou	&	Riotte-Lambert	2012)	
or	changing	directions	(Byrne	et	al.	2009;	Polansky,	Kilian	&	Wittemyer	2015).	However,	these	






up	 or	 top-down	 approaches.	 Bottom-up	 approaches	 are	 based	 on	 the	 identification	 of	
behavioural	states	that	can	be	associated	with	specific	resource	use	(i.e.	immobility	for	resting,	
reduced	 speed	 and	 tortuous	 paths	 in	 a	 foraging	 patch	 or	 greater	 speed	 and	 directional	
movement	 during	 directed	 movement	 between	 patches).	 The	 identification	 of	 such	
behavioural	 states	 can	be	based	on	 statistical	models	 such	as	 state	 space	models	 (Jonsen,	
Flemming	 &	Myers	 2005),	 residence	 time	 (Barraquand	 &	 Benhamou	 2008).	 Alternatively,	
behavioural	states	can	be	inferred	from	previous	knowledge	of	the	species’	activity	patterns	
and	behaviour	such	as	the	time	when	foraging	intensity	peaks	(Owen-Smith	&	Martin	2015).	




In	 the	 case	 of	 multiple	 central	 place	 foragers	 like	 elephants,	 the	 scale	 of	 interest	 is	
intermediate.	Identifying	visits	to	waterholes	reveals	elephant	movement	patterns	during	the	
dry	 season	 are	 highly	 structured	 and	 periodic	 (Chamaillé-Jammes	 et	 al.	 2013).	 Although	
periodicity	in	animal	movement	has	been	identified	without	formally	identifying	the	recursion	
site	(Wittemyer	et	al.	2008;	Polansky,	Douglas-Hamilton	&	Wittemyer	2013),	the	distinction	
between	 different	 trips	 and	 their	 categorization	 can	 directly	 be	 interpreted	 in	 terms	 of	
resource	 use	 strategies	 (Chamaillé-Jammes	 et	 al.	 2013).	 Following	 studies	 that	 explicitly	
acknowledge	 the	 constraints	 on	 animal	movement	 imposed	 by	 central	 or	multiple	 central	
foraging	(Matthiopoulos	2003),	we	chose	to	use	the	trip	framework	identified	by	Chamaillé-






























methodology	 that	 was	 used	 to	 accurately	 define	 visits	 to	 waterholes	 and	 segment	 the	
trajectory	 into	 trips.	 Appendix	 2	 explores	 the	 relationship	 between	 drinking	 time	 and	 trip	
duration.	
In	 chapter	3,	 I	 shift	 the	 focus	 from	central	 place	effects	 to	 the	 landscape	effects	of	water	






















































precipitation	 is	 c.	600mm,	with	 large	variations	between	years	 (Chamaille-Jammes,	 Fritz	&	










of	natural	water	 sources	 (Figure	8).	During	years	with	above	average	 rainfall,	 some	of	 the	















elephants	 would	 not	 remain	 in	 the	 Hwange	 area	 during	 the	 dry	 season	 and	 presumably	
migrated	to	perennial	rivers	beyond	the	park’s	boundary	(Davison	1967).	The	first	borehole	
was	 sunk	 and	 equipped	 with	 a	 windmill	 in	 1936.	 As	 early	 as	 the	 1940’s,	 windmills	 were	
supplemented	and	eventually	replaced	by	diesel	pumps	that	provided	a	more	reliable	supply	
with	6	 artificial	water	 pans	 in	Hwange	during	 the	1940’s	 (Davison	1967).	 From	 the	1940’s	
onwards	one	or	 two	new	boreholes	were	sunk	every	year	 to	accommodate	 the	 increasing	
herbivore	 population	 (Davison	 1967).	 Ultimately	 the	 number	 of	 active	 boreholes	 peaked	
around	60	by	the	1990’s	(Owen-Smith	1996).		
As	early	as	the	1940’s,	“the	permanency	of	water	supplies	soon	began	to	have	its	effect	on	
game	migration”	 (Davison	 1967).	 In	 a	 recent	 study	 concomitant	with	 the	 addition	 of	 two	
artificial	water	supplies	in	north-western	Namibia,	Leggett	(2006)	reports	the	additional	water	
supplies	 elicited	 substantial	 and	 rapid	 changes	 in	 elephant	 distribution	 and	 behaviour.	
















April.	 The	 second	 transition	 is	 the	 dry	 season	 which	 is	 characterized	 by	 the	 decrease	 in	
resource	availability	until	the	rains	return.	
The	onset	of	the	rains	and	of	the	partial	elephant	migration	
Seasonal	 rainfall	 results	 from	 the	 southward	movement	of	 the	 Inter-Tropical	 Convergence	
zone	 (ITCZ)	 during	 the	 austral	 summer.	 Precipitation	 events	 occur	 when	 large	 cloud	
formations	known	as	Tropical	Temperate	Troughs	 (TTT)	 shift	 southward	during	 the	austral	






precipitation	are	not	sufficient	 to	 fill	 the	water	pans	 for	more	than	a	couple	of	days	 (pers.	





























and	 return	 to	 the	 Northern	 and	 Eastern	 parts	 of	 the	 park	 during	 the	 dry	 season,	 since	
permanent	water	supplies	have	been	made	available	(Davison	1967;	Conybeare	1991).	Out	of	
13	 adult	 females	 belonging	 to	 different	 family	 groups,	 collared	 in	October	 and	November	
2012,	5	were	 long	distance	migrants,	5	were	short	distance	migrants	and	3	were	residents	




and	200	 km	 from	 their	 dry	 season	 range,	 beyond	 the	 international	 border	with	Botswana	
(Figure	10).	The	seasonal	home-ranges	of	short-distance	partially	overlap	(Figure	10).	Short	
distance	migrants	typically	shift	their	home-ranges	by	20km	-	60km	away	from	areas	around	
water	 pans	 used	 during	 the	 dry	 season.	 The	 seasonal	 home-ranges	 of	 resident	 elephants	
remain	largely	unchanged	(Figure	10).		















to	 10km	 for	 residents.	 These	 heterogeneous	movement	 patterns	 are	 similar	 to	 phases	 of	
restless	behaviour	described	in	numerous	migratory	species	(Bauer	et	al.	2011).	The	transient	






























high	mean	 temperature	 and	 small	 daily	 fluctuations	 (mean	 February	 =23±5°C).	 The	 cold	 dry	

















of	 compact	 clay	 (Davison	 1967).	 The	 size	 of	 water	 pans	 reflects	 the	 surface	 area	 of	 the	
depression	with	this	clay	 lining.	The	surface	area	of	natural	pans	was	measured	by	walking	




















































Towards	March,	when	 the	 rains	come	to	an	end,	migratory	elephants	generally	 settle	 into	
smaller	seasonal	ranges	as	their	movement	rate	decreases.	The	seasonal	range	may	be	part	
of	 their	early	 rainy	 season	 range	 (Figure	10a)	or	be	a	distinct	 cold	dry	 season	home-range	
located	between	the	rainy	season	and	hot	dry	season	home-ranges	(Figure	10b,c).	Elephants	
appear	to	remain	 in	 these	ranges	until	 their	water	supply	runs	out.	Thus	the	timing	of	 the	
return	migration	fluctuates	widely	between	years.	For	instance,	Elephant	534	returned	on	July	



















extent	 was	 given	 by	 the	 dry	 season	 home-ranges	 over	 which	 surface	 water	 availability	
dynamics	 could	be	quantified.	 The	 temporal	 extent	was	 restricted	 to	 the	 stationary	phase	






were	 too	 remote	 to	 collect	 field	 data	 on	 their	 rainy	 season	 home-range.	 This	 precluded	
comparisons	 of	 space	 use	 and	 habitat	 selection	 with	 periods	 when	 elephants	 were	 not	
constrained	 by	 drinking	water	 during	 the	 rainy	 season.	We	 focused	 our	 study	 on	 the	 dry	
season	 during	 which	 the	 continuous	 knowledge	 of	 surface	 water	 distribution	 provided	 a	
template	for	the	segmentation	of	elephant	movement	paths	into	trips	during	the	dry	season	
by	 correctly	 identifying	visits	 to	waterholes	 (chapter	2).	Distance	 to	water	 (chapter	2)	 and	
waterhole	 density	 (chapter3)	 were	 then	 used	 to	 investigate	 the	 mechanisms	 by	 which	
elephants	solved	the	trade-off	between	drinking	and	foraging	as	temperatures	increase	during	
the	 dry	 season	 (chapter	 2)	 and	 acquire	 a	 better	 understanding	 of	 their	 habitat	 selection	
criteria	(chapter	3).	In	order	to	extend	the	scope	of	the	study	to	the	rainy	season,	the	spatial	


























whereby	 animals	will	 regularly	 visit	waterholes	 to	 drink	 between	 foraging	
trips.	As	the	dry	season	advances,	foraging	resources	close	to	water	become	
depleted	 and	water	 requirements	 increase	 due	 to	 elevated	 temperatures.	






during	 the	 course	 of	 the	 2013	 dry	 season,	 in	 Hwange	 National	 Park,	
Zimbabwe.		
	
• From	 the	onset	 of	 the	dry	 season	elephants	maximize	 their	 foraging	 time	






























requirements.	 Rather	 than	 being	 limited	 by	 the	 mean	 quantity	 and	 quality	 of	 resource	
patches,	animal	populations	are	limited	by	each	individual’s	ability	to	travel	between	these	
resources	and	successfully	exploit	them	(Dunning,	Danielson	&	Pulliam	1992).	Therefore,	from	
an	 individual’s	 perspective	 the	 distance	 between	 non-substitutable	 patches	 underlies	




The	 functional	 response	 of	 non-substitutable	 resources	 often	 differ	 and	 generally	 lead	 to	
central	place	effects	whereby	one	or	a	few	patches	of	one	resource	will	serve	as	a	central	place	





to	 limit	 breathing	 time	 while	 foraging	 underwater	 (Parkes	 et	 al.	 2002;	 Hoskins,	 Costa	 &	
Arnould	2015)	and	large	herbivores	only	spend	a	fraction	of	their	time	actually	drinking	at	a	
waterhole	 (Valeix	 et	 al.	 2008a;	 Rozen-Rechels	 et	 al.	 2015).	 In	 the	 case	 of	 free	 ranging	







































To	 travel	 further	 without	 increasing	 trip	 duration	 one	 can	 only	 go	 faster	 or	 straighter.	














highly	mobile	 species	with	 recognized	 cognitive	 abilities,	 it	 is	 likely	 that	 they	 travel	 along	





foraging	 trip	can	be	seen	as	a	succession	of	 straight	directed	 travelling	and	more	 tortuous	
foraging	bouts	(Roever	et	al.	2014).	At	the	scale	of	an	entire	foraging	trip	straightness	can	be	
seen	as	an	indicator	of	foraging	effort:	When	an	elephant	returns	to	the	same	waterhole	it	is	
expected	 to	 maximize	 trip	 straightness	 by	 making	 long	 directed	 outgoing	 and	 returning	
segments	to	forage	far	away	from	water.	Conversely,	when	an	elephant	commutes	between	
two	different	waterholes,	trip	straightness	reflects	its	choice	between	foraging	and	drinking.	





substitutable	 resources:	 surface	 water	 and	 forage.	 We	 identified	 three	 spatio-temporal	
components	 of	 this	 trade-off:	 (i)	 as	 waterholes	 dry	 up,	 the	 absolute	 distance	 between	
waterholes	 increases,	 implying	 longer	 distances	 between	 waterholes.	 (ii)	 Concomitantly,	
elephants	must	travel	further	away	from	water	to	access	better	quality	patches	as	foraging	






16).	 The	 area	 is	 characterized	 by	 relatively	 level	 terrain	 (alt.	 1000-1100m	 asl)	 and	 the	
vegetation	is	typical	of	dystrophic	semi-arid	savanna.	Mean	annual	precipitation	is	c.	600mm	
with	 large	 variations	 between	 years	 (Chamaille-Jammes,	 Fritz	&	Murindagomo	 2006).	 The	
ecology	 of	 the	 Park	 is	 highly	 seasonal,	 about	 80%	 of	 the	 annual	 rainfall	 occurs	 between	
November	and	April.	Natural	depressions	and	dams	fill	up	with	water	during	the	rainy	season	













of	 one	 elephant	 breeding	 herd	 from	 June	 13th	 to	 October	 23rd	 2013.	 Trips	 can	 be	
distinguished	by	their	duration:	short	(yellow),	24h	(orange),	48h	(green)	and	72h	(blue)	for	







the	 first	 significant	 storm.	 From	 April	 2013	 onwards	 we	 monitored	 all	 natural	 pans	 and	
artificial	waterholes	over	a	2000	km2	area	 (Figure	16).	Movement	data	was	obtained	 from	
thirteen	 adult	 females	 belonging	 to	 different	 family	 herds	 that	 had	 been	 equipped	 in	
November	 2012	 with	 GPS	 collars	 (Africa	 Wildlife	 Tracking).	 Collars	 were	 programmed	 to	
record	 a	 location	 every	 30	minutes.	 Visits	 to	waterholes	were	 identified	 according	 to	 the	
method	described	in	appendix	1.	We	retained	data	from	8	collars	for	which	fix	success	rates	
enabled	 us	 to	 reliably	 identify	 visits	 to	 water.	 A	 trip	 was	 defined	 as	 elephant	movement	
occurring	between	two	consecutive	visits	to	water.	We	identified	901	trips	(appendix	1).	We	
distinguished	 looping	 trips	 (62%)	 during	which	 elephants	 returned	 to	 the	 same	waterhole	
from	commuting	trips	(38%)	when	elephants	changed	waterhole.	Elephant	trips	are	periodic:	







Figure	 17:	 Visits	 to	 water	 according	 to	 ambient	 temperature.	 (a)	 Hourly	 ambient	















We	 studied	 how	 drinking	 frequency	 (calculated	 over	 10-day	 periods)	 (Figure	 17)	 and	 trip	
characteristics	changed	during	the	course	of	the	dry	season.	Various	window	durations	were	
tested,	a	10	day	period	appeared	as	the	best	compromise	between	shorter	windows	that	were	
susceptible	 to	 the	stochastic	 switch	between	 long	and	short	 trips	and	 larger	windows	that	
were	 too	 coarse	 to	 approximate	 a	 continuous	 change	 throughout	 the	 dry	 season	 Trip	
characteristics	included	trip	duration	(Figure	17)	and	maximum	distance	to	both	starting	and	
finishing	waterholes	(Figure	18).	For	short	trips	we	calculated	mean	speed	(Figure	19)	whereas	

















data.	 Indeed,	 each	 generated	 curve	 was	 obtained	 by	 drawing	 new	 model	 coefficients	





calculated	 by	 computing	 quantiles	 of	 the	 distribution	 of	 derivative	 values.	 When	 these	











more	often,	 elephants	 shift	 to	 trips	with	 a	 shorter	duration	 rather	 than	 reduce	 the	 actual	
duration	of	trips.	At	first,	visits	to	water	become	less	frequent,	reaching	a	minimum	in	July	
(Figure	17b).	During	this	period,	elephants	prefer	making	48h	or	72h	trips	rather	than	24h	or	
5h	 (Figure	 17c).	 While	 daily	 maximum	 temperature	 remains	 below	 25°C	 (Figure	 17a)	
elephant’s	drinking	requirements	remain	 low	as	well.	However,	smaller	natural	water	pans	
disappear	early	in	dry	season	meaning	elephants	already	need	to	make	long	trips	to	and	from	





become	briefer	 as	 the	 dry	 season	 progresses	 and	 48h	 looping	 trips	 are	 a	 couple	 of	 hours	
shorter	during	the	hot	dry	season.	Nonetheless,	these	exceptions	are	not	sufficient	to	explain	




We	 will	 focus	 on	 24h	 and	 48h	 trips	 to	 explore	 how	 elephants	 cope	 with	 growing	 spatial	
constraints	 throughout	 the	dry	 season.	 In	 total,	 these	 trips	 account	 for	more	 than	80%	of	
elephant’s	 time	 budget,	 the	 role	 of	 short	 trips	 to	 adjust	 for	 drinking	 will	 be	 described	










since	 the	 distance	 travelled	 is	more	 than	 twice	 the	 beeline	 distance	 between	waterholes.	
However,	the	increase	in	trip	straightness	in	July	and	August	implies	that	during	the	entire	hot	




















Figure	19	 :	Average	speed	of	short	 trips.	 (a)	commuting	and	 (b)	 looping	trips.	Significant	
increase	are	over-plotted	in	red	(95%	CI)	or	orange	(90%	CI),	significant	decreases	are	over-
plotted	 in	 blue	 (95%CI)	 or	 in	 cyan	 (90%	 CI).	 Green	 dashed	 lines	 represent	 individual	
predictions	including	the	random	effects	
	
Figure	 20.	 Average	 outgoing	 and	 returning	 speed	 	 of	 24h	 trips	 (a,c)	 &	 48h	 trips	 (b,d).	
Outgoing	speed	(and	returning)	speeds	were	averaged	over	the	first	(respectively	the	last	)	












for	 returning	 speed	 suggesting	elephants	 reach	 their	maximum	speed	and	distance	during	
these	 48h	 trips	 (Figure	 20	 b,d).	Whereas	 48h	 looping	 trip	 straightness	 are	 similar	 to	 24h	
looping	 trips,	 commuting	 trip	 straightness	 was	 much	 more	 variable	 between	 trips	 and	
throughout	the	season	(Figure	21	e,d).	The	increase	in	straightness	in	July	and	August	may	be	
attributed	 to	 increasing	 distance	 between	 waterholes.	 During	 the	 peak	 dry	 season	
straightness	 decreases	 for	 most	 individuals	 suggesting	 elephants	 are	 less	 constrained	 by	
waterhole	location	in	their	foraging	decisions	during	48h	trips.	
3.4 Short	trips	
The	 seasonal	 trends	 for	 short	 commuting	 trips	 are	 largely	driven	by	 their	 fivefold	 increase	
during	the	hot	dry	season.	High	baseline	average	speed	(>1	km/h)	and	the	increase	to	nearly	
2km/h)	 during	 the	 hot	 dry	 season	 suggests	 little	 or	 no	 foraging	 occurs	 during	 these	 trips.	
Furthermore,	 these	 trips	had	 the	highest	 straightness	 throughout	 the	dry	 season	 from	 the	
initial	increase	from	0.7	to	0.8	in	June	up	to	nearly	0.9	in	October.	Unlike	short	commuting	trips	






















travelling	 speed	 and	 the	 associated	 metabolic	 costs	 in	 order	 to	 improve	 their	 foraging	
opportunities.		
	










Figure	 22:	 Schematic	 representation	 of	 the	 convergence	 of	 trip	 straightness	 and	 speed	
throughout	 the	 dry	 season	 (green->	 brown).	 Returning	 speed	 increased	 earlier	 than	
outgoing	speed.	
Elephant’s	 hurried	 directed	 movements	 to	 and	 from	 foraging	 patches	 in	 Hwange	 NP	
throughout	the	dry	season	reflect	the	structure	of	their	environment.	Herbivores	consumption	
of	vegetation	surrounding	water	sources	creates	a	piosphere	(Lange	1969;	for	a	review	see	
Thrash	 &	 Derry	 2008).	 From	 the	 herbivore’s	 perspective	 foraging	 resources	 decrease	




looping	 trip	 straightness	 (Figure	 21).	 By	 travelling	 further	 to	 patches	with	 higher	 available	
biomass,	elephants	could	increase	their	intake	rate	sufficiently	to	reduce	the	time	needed	to	






indicate	 that	 piosphere	 effects	 dwindle	 beyond	 7	 km	 from	water	 or	 that	 elephants	 have	
already	reached	their	maximum	speed	and	straightness	during	these	trips	at	the	onset	of	the	
dry	season	(Figure	22).	Alternatively,	the	absence	of	change	in	48h	trip	parameters	may	result	







Although	 adults	 are	 unlikely	 to	 suffer	 from	 predation,	 family	 groups	 are	 wary	 of	 lions	
(Panthera	leo)	that	can	effectively	capture	and	kill	elephant	calves	especially	during	the	hot	
dry	season	(Loveridge	et	al.	2006;	Davidson	et	al.	2013).	Predation	risk	is	highest	within	the	












The	 number	 of	 visits	 elephants	made	 to	waterholes	was	 surprisingly	well	 correlated	with	





in	Hwange	NP	elephants	avoid	being	active	during	 the	heat	of	 the	day	during	 the	hot	dry	
season	 and	 prefer	 travelling	 to	water	 later	 in	 the	 evening	 (Valls	 Fox	&	 Chamaillé-Jammes	
unpublished	data).	Despite	 these	behavioral	 adaptations,	even	 for	 temperatures	as	 low	as	
10°C-12°C,	 evaporative	 cooling	 is	 the	 main	 thermoregulatory	 process	 used	 by	 elephants	




Elephants	 do	 spend	 roughly	 half	 of	 their	 time	making	 24h	 trips.	 However,	 they	 continue	
making	 longer	 trips	 lasting	 48h	 or	 even	 72h	 throughout	 the	 hot	 dry	 season	 potentially	
accumulating	a	water	debt	that	may	surpass	the	amount	of	water	they	can	absorb	during	a	
single	visit	to	a	water	pan.	Indeed,	these	longer	trips	are	generally	followed	by	a	succession	of	











Elephant	 movement	 patterns	 vary	 seasonally.	 Several	 studies	 have	 shown	 that	 elephants	
move	more,	have	larger	home-ranges	and	exhibit	lower	site	fidelity	during	the	rainy	season	



















At	 a	 large	 scale	 landscape	 effects	 can	 be	 seen	 at	 the	 population	 level:	 elephant	 densities	
increase	in	areas	with	higher	waterhole	density	(Chamaillé-Jammes,	Valeix	&	Fritz	2007;	De	
Beer	&	Van	Aarde	2008).	Higher	elephant	densities	in	these	areas	result	from	the	contraction	
of	 elephant	 breeding	 herds	 home-ranges	 during	 the	 dry	 season	 (Figure	 16).	 The	 Hwange	
elephant	population	nearly	doubled	after	culling	came	to	an	end	in	1986	and	has	remained	





















during	 the	 dry	 season	 than	 during	 the	 wet	 season	 made	 the	 arbitrary	 assumption	 that	
elephant	 movement	 patterns	 were	 homogenous	 during	 these	 time	 periods.	 We	 found	
substantial	 changes	 in	 elephant	 movement	 patterns	 throughout	 the	 dry	 season	 and	
hypothesized	 these	 resulted	 from	 (i)	 increasing	 temperatures,	 (ii)	 forage	depletion	around	
waterholes,	and	to	a	lesser	extent	(iii)	longer	distances	between	waterholes.	In	a	recent	study	
Birkett	 et	 al.	 (2012)	 established	 elephant	 travelling	 speed	 increases	 during	 the	 dry	 to	wet	
transition	period	and	then	decreases	during	the	wet	to	dry	transition.	The	authors	attempt	to	










The	 contraction	 of	 water	 dependent	 herbivores	 around	 this	 key	 resource	 appears	 to	 be	
ubiquitous	in	semi-arid	and	arid	systems.	However	the	small	scale	patterns	we	observe	result	
from	the	spatial	segregation	of	drinking	and	foraging	resource	patches.	The	ranging	patterns	
we	 describe	 for	 elephants	 are	 therefore	 more	 likely	 for	 populations	 that	 occur	 at	 large	
densities	 or	 that	 are	 weak	 competitors	 making	 them	 sensitive	 to	 resource	 depletion.	























The	 distribution	 of	 foraging	 resources	 and	 surface	 in	 water	 shape	 elephant	 movement	
patterns	throughout	the	dry	season.	They	establish	their	dry	season	home-range	in	areas	that	





speed	 and	 finally	 outgoing	 speed	 increase.	 They	 also	 use	 their	 navigation	 capacities	 by	
travelling	 straighter	during	 commuting	 trips.	As	a	 result,	 short	 term	 thermoregulatory	and	


















its	 GPS	 track	 intersected	 a	 buffer	 of	 a	 given	 radius.	 In	 practice	 this	 was	 done	 by	 linearly	
interpolating	 the	 movement	 track.	 In	 order	 to	 avoid	 detecting	 spurious	 visits,	 if	 two	
consecutive	visits	were	detected	within	a	tolerance	interval	they	were	merged	into	one	visit	




it	 maintains	 the	 same	 speed	 and	 direction	 as	 during	 the	 previous	 time	 step.	 A	 visit	 was	
detected	if	a	waterhole	could	have	been	reached	under	this	assumption.	In	other	words:	the	






















































or	 90	 min	 visit	 detection	 decreased	 to	 90%	 and	 87%	 respectively	 (Figure	 25)	 this	 would	
correspond	to	missing	one	or	two	consecutive	locations.		
At	 any	 given	 sampling	 frequency	 increasing	 buffer	 size	 increased	 the	 proportion	 of	 visits	
detected	by	the	buffer	until	all	visits	were	detected.	This	occurred	at	850	m	for	a	30min	fix-
rate	 and	 1.2	 km	 for	 the	 60	min	 fix-rate.	 Increasing	 buffer	 size	 significantly	 increased	 the	
chances	of	detecting	a	visit	for	small	buffers.	However,	the	slope	typically	saturated	beyond	
300m-400m.	 Increasing	 buffer	 size	 also	 generated	 two	 undesirable	 errors:	 false	 visits	 and	
merged	 visits.	 Whereas	 a	 small	 proportion	 of	 false	 visits	 seemed	 inevitable	 as	 sampling	





















of	 visits	 detected	 by	 both	 indices	 (green),	 by	 the	 buffer	 (orange),	 by	 the	 coming	 index	
(brown),	 by	 either	 the	 coming	 index	or	 the	buffer	 (blue	green).	Note	 that	 all	 visits	were	
detected	by	at	least	one	method	when	the	buffer	was	larger	than	150m	with	a	30min	fixrate	



























image;	one	picture	was	 taken	every	20seconds	 from	dawn	to	dusk	 (Figure	27).	Visits	were	
confirmed	when	a	single	group	of	elephants	came	to	the	pan	between	the	two	closest	GPS	
locations	to	the	waterhole	or	if	there	was	a	positive	identification	of	the	collared	individual	on	











at	 10	 different	 water	 pans	 throughout	 the	 dry	 season	 were	 used	 as	 independent	 field	
validations.	
id	 date	 waterhole	 detected	 seen	
534	 20/07/2013	 Sinanga	 17:30	-	18:30	 ~	17:30	
534	 14/10/2013	 Nyamandhlovu	 10:14	-	10:19	 ~	10:00	
534	 14/10/2013	 Dom	 13:14	-	13:19	 13:20	-	13:26	
534	 29/10/2013	 Tshebe	Tshebe	 16:09	-	16:49	 ~	16:05	
537	 28/05/2013	 Balla	Balla	 15:39	-	16:19	 ~	16:12	
538	 04/10/2013	 Dopi	 16:36	-	17:46	 16:41	-	17:29	
540	 11/10/2013	 Caterpillar2	 16:45	-	17:00	 ~	16:49	
542	 05/07/2013	 White	Hills	 12:06	-	12:46	 ~	12:35	
542	 09/09/2013	 Dom	 17:40	-	18:15	 17:40	-	17:49	
542	 12/09/2013	 Livingi	 13:30	-	17:05	 16:38	-	16:53	
542	 20/09/2013	 Livingi	 12:10	-	13:10	 12:55	-	13:05	











	 id	 N	obs.	 waterpan	 N	valid	 validation	 N	valid	
	 534	 2	 Balla	Balla	 2	 collar	 7	
	 535	 9	 Caterpillar	2	 1	 drank	 20	
	 537	 2	 Dom	 14	 maybe	 19	
	 539	 1	 Hobo		 1	 no	 1	
	 540	 7	 Livingi	 6	 	 	
	 542	 9	 Ngwenya	2	 5	 	 	
	 543	 7	 Nyamandhlovu	 16	 	 	
	 545	 2	 Tshebe	Tshebe	 2	 	 	
	 547	 2	 	 	 	 	
	 548	 6	 	 	 	 	










7 Appendix	 II	 Factors	 explaining	 the	 variability	 of	 trip	 duration	
throughout	the	dry	season	
One	 of	 the	 key	 features	 of	 elephant	 movement	 patterns	 in	 Hwange	 National	 Park	 is	 the	
periodicity	 of	 visits	 to	waterholes.	 It	 has	 long	 been	 known	 that	 Hwange	 elephants	 prefer	
coming	to	drink	at	dusk	(Valeix,	Chamaillé-Jammes	&	Fritz	2007).	However	the	complexity	of	
movement	patterns	around	water	have	only	recently	come	to	light	(Chamaillé-Jammes	et	al.	
2013).	 Foraging	 trips	 can	be	classified	as	 looping	 trips	when	elephants	 return	 to	 the	 same	
waterhole	 or	 commuting	 trips	 when	 they	 change	 waterhole.	 In	 addition	 trip	 duration	 is	
multimodal:	Elephants	will	either	make	short	(5h)	trips,	24h,	48h	or	72h	trips	(Figure	28).	
	
Figure	 28:	 Foraging	 trip	 duration	 is	 multimodal	 for	 both	 looping	 trips	 (light	 bars)	 and	
commuting	 trips	 (dark	 bars).	 Elephants	 make	 short	 trips	 (mean=5h,	 sd=3h),	 24h	 trips	
(mean=23h,	sd=5h),	48h	trips	(mean=46h,	sd=4h),	72h	trips	(mean=72h,	sd=7h).	Out	of	901	




(Figure	29	a,c,e).	Trip	duration	 remained	unchanged	 for	24h	 looping	 trips	 (Figure	29d)	but	
decreased	during	 the	hot	dry	 season	 for	48h	 trips	 (Figure	29f).	Short	 looping	 trip	duration	
become	shorter,	there	is	a	significant	decrease	at	the	beginning	and	the	end	of	the	dry	season.	



















of	 elephant’s	 time	 may	 result	 from	 elephants	 having	 a	 preferred	 drinking	 time	 at	 dusk.	
Elephants	generally	prefer	coming	to	drink	during	the	first	hour	after	sunset.	Median	arrival	













Elephants	 appear	 to	modify	 trip	 duration	 to	maintain	 their	 crepuscular	 drinking	 schedule.	




48h	trips	by	38%	and	72h	trips	by	119%.	 It	 is	 therefore	more	 likely	 that	 for	 longer	offsets,	
elephants	return	to	their	preferred	arrival	time	by	making	short	trips.	
	
Figure	 31:	 Trip	 duration	 decreases	 with	 relative	 arrival	 time	 	 defined	 as	 the	 difference	
between	arrival	time	and	sunset	to	account	for	changing	day	lengths	throughout	the	dry	
season.	Dashed	horizontal	red	lines	represent	mean	trip	duration.	Trip	duration	regression	
lines	 were	 modeled	 using	 a	 mixed	 linear	 model	 (lme4	 package	 in	 R)	 with	 trip	 period,	






















• Landscape	 complementation	 occurs	 when	 non-substitutable	 resource	
patches	are	sufficiently	close	to	one	another	for	animals	to	successfully	
exploit	 them.	 However,	 areas	where	 both	 resources	 are	 close	 to	 one	









resources	 for	 African	 elephants.	 We	 analyzed	 GPS	 relocation	 data	 of	
family	 herds	 living	 in	 Hwange	 National	 Park,	 Zimbabwe,	 to	 test	 the	
multiscale	 effects	 of	 waterhole	 density	 on	 elephant	 habitat	 selection	
during	foraging	trips.		
	
• Contrarily	 to	 our	 expectations	 elephants	 avoided	 areas	 with	 high	
waterhole	density	at	both	fine	scales	(<1km)	and	large	scales	(5km-7km).	





















water	 availability	 is	 a	 key	determinant	of	 animal	distribution	 in	 arid	 and	 semi-arid	 regions	
(Western	1975;	Redfern	et	al.	2003;	Leggett	2006a;	Ogutu	et	al.	2014)	and	water	dependent	
herbivore	populations	are	regulated	by	the	area	that	remains	accessible	during	the	dry	season	
(Illius	&	O’Connor	 2000).	 In	 African	 savannas,	most	 large	 herbivore	 species	 can	 no	 longer	
obtain	sufficient	water	from	the	vegetation	they	consume	during	the	dry	season	and	surface	
water	 then	becomes	a	non-substitutable	 resource.	As	a	 result,	 they	must	 regularly	 shuttle	
between	foraging	patches	and	waterholes	to	drink	(Brooks	&	Harris	2008;	Cain,	Owen-Smith	
&	Macandza	2012;	Chamaillé-Jammes	et	al.	2013,	chapter	2).	 Landscape	complementation	
occurs	 when	 non	 substitutable	 resource	 patches	 are	 sufficiently	 close	 to	 one	 another	 for	
animals	to	successfully	exploit	them	(Dunning,	Danielson	&	Pulliam	1992).	At	the	individual	
level,	 animals	 are	 expected	 to	 prefer	 landscapes	 with	 higher	 complementation	 to	 reduce	
travelling	 costs.	 At	 the	 population	 level,	 these	 areas	 should	 also	 harbour	 higher	 densities	









such	as	elephant.	Herbivore	 species	 respond	differently	 to	 the	 trade-off	between	 foraging	
patch	 accessibility	 and	patch	quality.	African	buffalo	 select	 for	patches	with	high	 resource	
complementation	 and	 remain	 close	 to	 water	 during	 the	 dry	 season	 (Cornélis	 et	 al.	 2011;	








The	 issue	 of	 scale	 is	 central	 to	 our	 understanding	 of	 the	 interaction	 between	 landscape	


















conducted	 a	 habitat	 selection	 analysis	 that	 directly	 tested	 for	 such	 multiscale	 effect	 of	
waterhole	density.	The	study	was	based	on	GPS	relocation	data	of	elephant	family	herds	living	
in	 Hwange	 National	 Park,	 Zimbabwe.	 To	 avoid	 the	 confounding	 the	 effects	 of	 different	












between	years	 (Chamaille-Jammes,	Fritz	&	Murindagomo	2006)	The	ecology	of	 the	Park	 is	
highly	seasonal,	about	80%	of	the	annual	rainfall	occurs	between	November	and	April.	Natural	
depressions	 and	 dams	 fill	 up	 with	 water	 during	 the	 rainy	 season	 but	 gradually	 dry	 up	
throughout	the	dry	season	(Chamaillé-Jammes,	Fritz	&	Murindagomo	2007a).	There	are	no	
perennial	rivers	in	the	Park,	and	at	the	end	of	the	dry	season	surface	water	can	only	be	found	
at	 artificial	 waterholes	 in	 which	 groundwater	 is	 continuously	 pumped,	 in	 the	 study	 area.	
Water-dependent	species	such	as	elephants	must	undertake	foraging	trips	to	and	from	these	


















in	 the	study	area	 (Figure	32).	The	 first	 two	periods	were	during	 the	cold	dry	 season	when	
changes	in	surface	water	availability	are	greatest.	The	decrease	subsequently	levels	off	during	





















particularly	 for	African	elephants	 (Roever	 et	 al.	 2014).	 Elephant	movement	during	 the	dry	
season	can	be	segmented	into	a	succession	of	trips	between	waterholes.	In	Hwange	NP,	trips	
last	 on	 average	 5h,	 24h,	 48h	 or	 72h	 (chapter	 2).	 Trips	 can	 be	 categorized	 as	 looping	 or	
commuting	trips:	During	looping	trips	elephants	return	to	the	same	waterhole.	Commuting	
trips	are	characterized	by	 the	 fact	 the	 trip’s	end	point	 is	a	different	waterhole	 (Chamaillé-







unclear	where	and	when	elephants	 feed,	and	 if	 they	have	the	ability	 to	select	 for	 foraging	








case	 control	 approach,	 the	 data	 was	 organized	 in	 strata.	 Each	 stratum	 consisted	 in	 an	
estimated	 foraging	 location	of	a	 trip	 (far	or	middle)	and	 its	paired	controls.	Controls	were	
regularly	 sampled	 at	 the	 same	 distance	 from	 the	water	 pan	 at	which	 the	 elephant	 drank	
(Figure	33).	They	were	evenly	spaced	every	500m	along	the	circle	centered	on	the	water	pan,	
the	number	of	controls	was	thus	proportional	to	the	circle	radius.	For	the	shortest	trips,	when	







Figure	33:	Habitat	selection	according	to	waterhole	density:	 	For	each	 looping	trip	 (black	
line)	the	foraging	location	is	obtained	by	extracting	either	the	GPS	location	that	is	furthest	
from	the	waterhole	or	 the	one	 that	 is	 in	 the	middle	of	 the	 trip	 (red	circles).	Controls	are	
drawn	every	500m	along	a	circle	at	the	same	distance	to	the	water	pan.	As	described	above,	
waterhole	 density	 was	 computed	 at	 two	 scales	 using	 a	 small	 smoothing	 factor	 (blue,	







travel	 beyond	 10	 km	 from	 any	 waterhole	 during	 the	 dry	 season.	 A	 simple	 measure	 of	
landscape	accessibility	is	the	distance	to	the	closest	water	pan.	However,	locations	at	the	same	
distance	 to	water	may	be	at	widely	differing	distances	 from	other	waterholes.	 In	order	 to	
obtain	a	measure	of	water	pan	density,	we	defined	waterhole	density	(WD)	for	each	control	
and	each	observed	location	!"	as	follows:	#$% !" = ' ((!", +,-.), 0 = %1.23 ' 4, 0 = % 		
Where	((!", +,-.)	is	the	distance	between	waterhole	j	and	location	!",	n	the	number	of	pans	








create	 any	 bias	 in	 model	 estimates.	 In	 addition,	 the	 normalisation	 provides	 biologically	






hundred	 meters	 apart.	 Conversely,	 the	 areas	 of	 influence	 of	 each	 water	 pan	 overlap	
extensively	when	the	smoothing	factor	is	large	(e.g.	h	=	6200)	creating	a	gradient	from	areas	
with	 high	 waterhole	 density	 to	 areas	 with	 low	 waterhole	 density	 (Figure	 33).	 Thus,	 the	




quality,	 we	 developed	 a	 habitat	 selection	 model	 that	 included	 waterhole	 density	 at	 two	
different	scales:	6 78 9:;<= = >7? @AB;CCDEAB;CC 78 + @C;GHIDEC;GHI 78 	two-scale	model	
Where	6 78 	 is	the	relative	probability	of	selecting	a	 location	78;	@AB;CC 	and	@C;GHI 	are	the	
relative	 selection	 strengths	 respectively	 associated	 to	 waterhole	 density	 at	 a	 fine	 scale	#$AB;CC 78 	 and	 waterhole	 density	 at	 a	 large	 scale	DEC;GHI 78 .	 To	 test	 the	 multiscale	
hypothesis,	we	compared	the	fit	of	this	two-scale	model	with	a	one-scale	model.	The	one-
scale	model	was	specified	as	follows:		6 78 9:;<= = >7? @J×DEJ 78 	one-scale	model	
We	used	the	quasi-likelihood	under	independence	criterion	(QIC),	designed	for	case-control	
models	 for	 this	 comparison	 (Craiu,	Duchesne	&	Fortin	2008).	 The	 fits	of	both	models	 vary	





factor	 (h)	 between	200m	and	12km	by	100m	 increments	 (Appendix	 I).	 The	best	 two-scale	
model	was	obtained	by	testing	different	pairs	of	smoothing	factors:	with	a	small	smoothing	
factor	hsmall	that	varied	from	200	m	to	5	km	and	with	a	large	smoothing	factor	hlarge,	that	varied	
between	2.5	km	and	12	km	(Appendix	 I),	and	 the	constraint	 that	ℎAB;CC < 	ℎC;GHI − 1000.	





The	 relative	 selection	 strength	 indicates	 whether	 elephants	 respond	 to	 landscape	
complementation	 or	 patch	 quality.	 If	 the	 relative	 selection	 strength	 is	 positive,	 elephants	
select	for	areas	with	high	waterhole	density.	Conversely,	a	negative	relative	selection	strength	
indicates	elephants	prefer	areas	with	low	waterhole	density.	The	model	allows	for	the	relative	
selection	strength	to	vary	linearly	according	to	distance	from	the	trip’s	water	pan	(Q6RS8)	:	T% = ,%×(+,-" + U%	
Second	 and	 third	 degree	 polynomial	 functions	were	 also	 tested	 but	 they	 did	 not	 improve	
model	fit.		
Table	3:	Smoothing	factors	 (h)	and	QIC	values	of	the	best-fitting	one-scale	and	two-scale	





	 	 Best	one-scale	model	 Best	two-scale	model	 	
Foraging	 Season	 h		 QIC	 h	small	 h	large	 QIC ΔQIC	
far	 Cold	dry	1	 1600	m	 443	 900	m	 5900	m	 432	 11	
far	 Cold	dry2	 5300	m		 542	 400	m	 5500	m	 532	 10	
far	 Mid	dry	 7600	m	 645	 400	m	 7600	m	 641	 4	
far	 Hot	dry	 6100	m	 728	 300	m	 6200	m	 725	 3	
middle	 Cold	dry	1	 2200	m	 456	 700	m	 5400	m	 443	 13	
middle	 Cold	dry2	 4300	m	 494	 400	m	 5000	m	 478	 16	
middle	 Mid	dry	 5800	m	 625	 400	m	 6100	m	 613	 12	












and	 two-scale	 (closed	 symbols)	 models.	 Mean	 Spearman	 rank	 correlations	 and	 95%	
confidence	 intervals	 were	 computed	 for	 both	 observed	 locations	 (circles)	 and	 random	
locations	(squares).	For	each	season,	model	validation	was	done	on	the	furthest	foraging	
locations	 (top	 panels),	 as	well	 as	 the	middle	 foraging	 location	 (bottom	 panels).	 	 Higher	




The	 best-fitting	 two-scale	 models	 predicted	 observed	 elephant	 locations	 reasonably	 well	
(Figure	 34),	 and	were	 always	 better,	 based	 on	QIC,	 than	 one-scale	models	 (Table	 3),	 thus	
demonstrating	the	multi-scale	response	of	elephant	foraging	to	waterhole	density.	The	best-
fitting	smoothing	factors	in	the	two-scale	models	were	fairly	consistent	for	all	4	periods	of	the	





of	 selection	 for	areas	with	high	waterhole	density	was	almost	always	negative	 (Figure	35),	
demonstrating	 elephants	 avoid	 of	 these	 areas	 during	 foraging	 and	 supporting	 the	 patch	
quality	 hypothesis	 rather	 than	 the	 landscape	 complementation	 hypothesis.	 Avoidance	























within	a	 few	hundred	meters	of	other	water	pans	 is	 therefore	an	 intrinsic	property	of	 the	








































36).	 As	 a	 result,	 waterhole	 density	 may	 be	 more	 important	 than	 distance	 to	 water	 to	
understand	 elephant’s	 choice	 of	 foraging	 patches.	 Namely,	 at	 the	 end	 of	 the	 dry	 season,	
elephants	would	prefer	foraging	close	to	an	isolated	water	pan	than	away	from	water	in	an	
area	with	a	high	waterhole	density.	Therefore,	distance	to	water	should	be	considered	as	a	
foraging	 constraint	 (chapter	 2)	 whereas	 the	 effects	 of	 waterhole	 density	 on	 landscape	
composition	may	be	the	underlying	currency	of	habitat	selection.		
The	 two	 scales	 identified	 by	 the	 best	models	 suggest	 two	 levels	 of	 forage	 depletion.	 The	











elephant,	 starting	 up	 to	 50km	 from	 water,	 suggesting	 elephants	 have	 detailed	 spatial	
knowledge	of	waterhole	distribution	over	large	scales.	Looping	trips	can	also	be	considered	as	
goal	 oriented	movement	 to	 foraging	 patches	 and	 back	 (chapter	 2).	 Thus,	 the	 selection	 of	
foraging	patches	in	areas	with	low	waterhole	density	at	two	scales	may	indicate	elephants	use	
this	spatial	knowledge	to	target	less	depleted	patches.		

















The	 distribution	 water	 dependent	 herbivores	 is	 strongly	 constrained	 by	 surface	 water	





choice	at	 the	 scale	of	 a	 single	 trip	 appears	 to	be	determined	by	patch	quality	 rather	 than	
resource	complementation.		
The	key	notion	underlying	 landscape	complementation	 is	proximity	 (Dunning,	Danielson	&	
Pulliam	1992),	for	instance,	in	Australia,	wild	pigs	living	in	riverine	systems	depend	on	pastures	
for	forage	and	riverine	woodlands	for	refuge.	Population	rate	of	change	was	greater	for	pigs	





complementation	 occurred	 at	 the	 home-range	 scale	 and	 the	 effects	 of	 resource	
complementation	emerge	at	the	population	scale	rather	than	at	the	individual	level.	However,	
landscape	 complementation	 effects	 have	 been	 found	within	 an	 animal’s	 individual	 home-
range	 such	 as	 the	 selection	 of	 refuge	 areas	 (Hoglander	et	 al.	 2015).	 The	 negative	 relative	
selection	 strength	 associated	 with	 large	 scale	 waterhole	 density	 suggest	 landscape	




(De	Beer	&	Van	Aarde	2008).	Thus,	during	 the	dry	 season,	elephants	may	only	 respond	 to	
resource	complementation	at	the	seasonal	home-range	scale	(Bailey	et	al.	1996;	Owen-Smith,	
Fryxell	&	Merrill	2010)	and	be	constrained	by	distance	to	water	at	finer	scales.	
Shrader	et	 al.	 (2011)	 suggested	 that	 elephants	make	 top-down	habitat	 selection	decisions	
selecting	areas	 that	contain	a	higher	proportion	of	preferred	habitat	at	a	coarse	scale	and	






et	 al.	 2014)	 but	 turn	 out	 to	 become	 a	 constraint	 at	 finer	 scales	 during	 the	 dry	 season	
(Chamaillé-Jammes	et	al.	2013;	Polansky,	Kilian	&	Wittemyer	2015).	However,	de	Knegt	et	al.	
(2011),	report	forage	characteristics	influenced	elephant	habitat	selection	at	coarser	scales	in	
















waterhole	 density	 in	 elephant	 habitat	 selection	 in	 our	 study	 underlines	 the	 fact	 that	 the	







with	precipitation	and	 the	dry	 season	 range	of	herbivores	 is	 determined	by	 surface	water	
availability	resulting	from	total	rainfall	and	the	duration	of	the	rainy	season.	The	second	effect	
is	buffered	by	artificial	water	provisioning	(Chamaillé-Jammes,	Fritz	&	Murindagomo	2007b).	
Population	 crashes	 may	 occur	 during	 droughts	 when	 both	 forage	 quantity	 and	 the	 area	
accessible	to	herbivores	is	limited	resulting	in	forage	depletion	(Walker	et	al.	1987).	However,	
rather	 than	 buffering	 such	 population	 crashes,	 artificial	 water	 provisioning	 can	 result	 in	






By	 directly	 identifying	 the	 scale	 at	 which	 waterhole	 densities	 influence	 elephant	 habitat	
selection	our	study	could	provide	a	framework	to	assess	the	susceptibility	of	arid	rangelands	
to	such	die-offs	in	time	of	drought.	Foraging	elephants	avoid	areas	with	high	waterhole	density	
at	 a	 relatively	 large	 scale	 of	 5km-7km	 that	we	 attributed	 to	 forage	 depletion.	Our	 results	
suggests	artificial	water	provisioning	is	optimal	for	elephants	at	the	5-7km	scale	in	Hwange	
NP.	If	waterhole	density	 is	greater,	elephants	will	suffer	from	intraspecific	competition	and	
may	 be	 susceptible	 to	 die-offs.	 If	 waterhole	 density	 is	 lesser,	 some	 areas	 will	 remain	
inaccessible	to	elephants	and	if	dry	season	density	dependence	occurs,	densities	will	be	lower.	
However,	 these	 suggestions	 only	 apply	 to	 the	 dry	 season	 range.	We	 do	 not	 advocate	 for	
uniform	waterhole	provisioning	at	this	scale	throughout	the	park.	As	defended	by	Owen-Smith	
(1996),	the	current	policy	of	leaving	about	40%	of	the	park	beyond	elephant’s	reach	during	
the	dry	 season	 (Chamaillé-Jammes,	Fritz	&	Murindagomo	2007b)	maintains	a	 rainy	 season	








identify	 the	 best	 Resource	 Selection	 Function	 summarized	 by	Table	3.	 The	 best	 one-scale	
model	was	obtained	by	comparing	models	with	smoothing	factors	(h)	varying	between	200m	
and	12km	by	100m	increments	based	on	the	data	set	of	“far”	foraging	locations	and	“middle”	






































































1. Spatial	 and	 temporal	 partitioning	 of	 key	 resources	 promotes	 species	
coexistence.	On	 the	edge	of	unfenced	protected	areas,	 livestock	 and	wild	
herbivores	 share	 foraging	 and	watering	 resources.	 Can	 effective	 resource	
partitioning	be	maintained	in	African	savannas	as	surface	water	availability	
declines	during	the	dry	season?	
2. We	 quantified	 avoidance	 between	 African	 elephant,	 African	 buffalo	 and	
cattle	at	multiple	scales	using	habitat	selection	models	with	GPS	relocation	
data	 according	 to	 seasonal	 changes	 in	 surface	 water	 distribution	 on	 the	
eastern	fringe	of	Hwange	National	Park,	Zimbabwe.		
3. The	range	and	duration	of	cattle	 incursions	 into	the	protected	area	varied	













6. Synthesis	 and	 applications:	Wild	 herbivores	 strongly	 avoid	 livestock	 and	
people	 at	 the	boundary	of	 a	 protected	 area	 as	 long	 as	 their	 foraging	 and	











Over	 the	 past	 century,	 human	 activities	 have	 become	 the	 main	 driver	 of	 ecosystems	
worldwide	(Ellis	&	Ramankutty	2008).	For	 instance,	artificial	water	provisioning	has	 led	the	





land	 use	 intensification	 (Newmark	 2008).	 In	 addition,	 anthropogenic	 barriers	 have	 caused	
dramatic	decline	in	migratory	populations	by	cutting	off	access	to	key	resources,	as	has	been	





current	 conservation	 policies	 in	 Southern	 Africa,	 such	 as	 the	 ones	 implemented	 by	 trans-





King,	 Douglas-Hamilton	 &	 Vollrath	 2011;	 Guerbois,	 Chapanda	 &	 Fritz	 2012)	 or	 livestock	
depredation	(Kuiper	et	al.	2015).	
Despite	 increasing	population	densities	and	encroachment	by	agriculture	(Newmark	2008),	
livestock	 husbandry	 and	 subsistence	 agro-pastoralism	 remain	 the	 main	 land-use	 around	
wildlife	areas	in	semi-arid	rangeland	ecosystems	and	particularly	in	African	savannas	(Olff	&	
Hopcraft	2008).	Livestock	and	wildlife	ranges	may	overlap	when	wildlife	is	present	outside	of	
protected	 areas	 (De	 Leeuw	 et	 al.	 2001;	 Sitters	 et	 al.	 2009),	 when	 they	 make	 temporary	
excursions	outside	of	these	areas	(Miguel	et	al.	2013)	or	when	cattle	make	incursions	inside	
protected	 areas	 (Hibert	 et	 al.	 2010;	 Butt	 2011;	 Miguel	 et	 al.	 2013).	 Livestock	 and	 wild	
herbivore	resource	requirements	overlap	extensively	(Prins	2000).	Resource	distribution	has	











Sikumi	 Forest.	 Grey	 areas	 are	 designated	 as	wildlife	 areas	where	 farming	 is	 prohibited.	
Hwange	 National	 Park	 and	 Sikumi	 Forest	 are	 both	 dedicated	 to	 conservation	 and	
photographic	tourism,	they	are	separated	by	a	railway	line.	Gwayi	Safari	Area	is	dedicated	
to	 trophy	 hunting	 on	 privately	 owned	 but	 unfenced	 blocks.	 To	 the	 North	 and	 East	 lies	
Hwange	Communal	Land	(white	on	map),	which	consists	in	dispersed	homesteads	in	a	matrix	
of	fields	and	communal	grazing	land.	Villages	along	the	unfenced	border	of	Sikumi	Forest	
are	 named	 on	 the	 map.	 This	 30km	 boundary	 is	 represented	 by	 a	 thick	 dashed	 line.	 10	
artificial	 waterholes	 (dark	 blue	 diamonds)	 and	 78	 natural	 pans	 (light	 blue	 circles)	 were	
monitored	throughout	the	dry	season	during	two	consecutive	years:	2013	and	2014.	
	
Surface	 water	 availability	 is	 one	 of	 the	 major	 drivers	 of	 arid	 and	 semi-arid	 rangeland	
























each	 species’	 own	 resource	 requirements	 and	 the	 effects	 of	 exploitation	 or	 interference	
competition.	 For	 instance,	 in	 the	Mara-Serengeti	 ecosystem	 in	 East	 Africa,	 the	 degree	 of	
overlap	between	wild	and	domestic	herbivores	depends	on	multiple	 factors	 including	diet,	




conversely	 when	 cattle	 are	 herded	 away	 from	 natural	 water	 sources,	 wild	 herbivores	
distribute	themselves	more	freely	(Western	1975;	Sitters	et	al.	2009).	
Interference	competition	for	access	to	water	between	livestock	and	wildlife	could	either	result	
in	 spatial	 segregation	 or	 temporal	 niche	 shift	 (Valeix,	 Chamaillé-Jammes	 &	 Fritz	 2007;	
Crosmary	 et	 al.	 2012b).	 However,	 cattle	 are	 only	 present	 during	 the	 day	 whereas	 both	
elephants	and	buffalo	are	predominantly	crepuscular	drinkers	even	when	cattle	are	absent	
(Valeix	et	al.	2007,	chapter	2)	rendering	niche	shift	unnecessary	for	these	species.	Segregation	
between	 cattle	 and	 wildlife	 may	 also	 result	 from	 competition	 for	 forage.	 Evidence	 for	
exploitation	 competition	 is	 scarce	 (Prins	 2000)	 since	 it	 cannot	 be	 inferred	 from	 spatial	
segregation	or	overlap	without	measuring	its	effects	on	intake.	We	hypothesized	exploitation	
competition	 may	 occur	 throughout	 the	 year	 for	 buffalo	 and	 cattle	 that	 are	 both	 grazers	
whereas	it	is	more	likely	to	be	limited	to	the	rainy	season	for	elephant	that	essentially	browse	
during	 the	 dry	 season	 (Williamson	 1975a).	 Exploitation	 competition	 is	 expected	 to	 be	
strongest	 during	 the	 dry	 season	 when	 forage	 is	 limiting	 and	 may	 be	 negligible	 or	 even	
outweighed	by	facilitation	during	the	rainy	season	(Odadi	et	al.	2011).	However,	competition	
may	 be	 asymmetrical:	 Cattle	 have	 been	 reported	 to	 compensate	 for	 forage	 depletion	 by	
wildlife	whereas	wild	 herbivores	 do	 not	 (Young,	 Palmer	&	Gadd	 2005)	moreover	 standing	
herbaceous	biomass	was	substantially	 lower	around	pans	used	by	cattle	 than	around	pans	
used	by	wildlife	(pers.	obs.).	As	a	result,	buffalo	are	expected	to	strongly	avoid	areas	heavily	





In	 addition	 to	 responding	directly	 to	 cattle	presence	or	 their	 effect	on	 foraging	 resources,	
elephant	and	buffalo	might	also	be	avoiding	human	disturbance	associated	with	herding	and	
natural	 resources	 collection	 (e.g.	 firewood,	 thatching	 grass,	 medicinal	 plants,	 animals)	
(Perrotton	 2015).	 Avoidance	 of	 people	 and	 anthropogenic	 features	 by	wildlife	 is	 common	
(Courbin	et	al.	2009;	Graham	et	al.	2009;	Okello	2010;	Leblond,	Dussault	&	Ouellet	2013)	and	
may	 result	 in	 adjustments	 both	 in	 space	 (Fortin	 et	 al.	 2013)	 and	 in	 time	 (Crosmary	 et	 al.	
2012b).	Unlike	the	effects	of	forage	depletion,	disturbance	by	cattle	and	humans	may	vary	
widely	 at	 two	distinct	 time	 scales:	within	a	24h	 cycle	 they	are	present	during	 the	day	but	
absent	during	the	night,	over	a	yearly	cycle,	cattle	use	different	areas	according	to	changing	




acknowledge	both	mechanisms	may	play	a	key	 role	 in	 the	movement	patterns	of	all	 three	
species	at	 the	boundary	of	a	protected	area.	As	suggested	by	Miguel	et	al.	 (2013),	surface	





18.6°S,	 Figure	 40)	 located	 on	 the	 North-Eastern	 boundary	 of	 Hwange	 National	 Park,	
Zimbabwe.	The	unfenced	area,	which	is	dedicated	to	photographic	safari	tourism,	is	separated	
from	Hwange	National	Park	by	a	railway	line.	There	is	currently	no	fence	between	the	Sikumi	







tar	 road.	 Homesteads	 and	 fields	 are	 located	 immediately	 across	 the	 road.	 To	 the	 North,	
between	Jwape	and	Lupote,	the	boundary	consists	in	a	seldom	used	track	along	the	old	fence	
poles.	The	area	just	north	of	the	boundary	is	used	for	crops	or	grazing	grounds,	homesteads	













only	be	 found	at	11	artificial	waterholes	 in	which	groundwater	 is	continuously	pumped	by	
Forestry	managers.	Surface	water	availability	for	each	season	was	determined	following	the	
systematic	 monitoring	 of	 88	 water	 pans	 in	 the	 area	 throughout	 the	 2013	 and	 2014	 dry	




Vegetation	 is	 typical	 of	 dystrophic	 semi-arid	 savanna	 dominated	 by	 the	 trees	 Baikiaea	
plurijuga,	Colophospermum	mopane,	Kirkia	 acuminata	 and	Bauhinia	 petersiana.	 Herbivore	
aggregations	around	water	pans	creates	piospheres	due	to	repeated	grazing	and	trampling	















africana),	 African	 buffalo	 (Syncerus	 caffer),	 impala	 (Aepyceros	 melampus),	 greater	 kudu	




The	 following	 description	 was	 obtained	 by	 conducting	 interviews	 with	 cattle	 owners	 we	
worked	with	(n=11)	 in	order	to	characterize	cattle	herding	practices	(Perrotton	&	Valls	Fox	
unpublished	data).	 Cattle	 are	 kept	overnight	 in	 the	 family	 kraal,	 generally	 located	 in	 close	
proximity	to	the	homestead	to	protect	livestock	from	predators.	During	the	study	period,	321	








boys	drive	 their	 livestock	 to	graze	and	drink	 into	Sikumi	nearly	every	day	 from	November,	
when	the	first	crops	are	sown,	to	early	May,	once	the	harvests	are	over.	During	the	cold	dry	
season,	 cattle	 are	 no	 longer	 herded	 and	 roam	 in	 the	 villages	 freely,	 feeding	 on	 grasses	 in	
communal	 pastures	 and	 crops	 residues	 left	 in	 the	 fields.	 Some	 cattle	 owners	 store	 crops	
residues	to	feed	their	animals	and	keep	them	from	going	alone	to	Sikumi.	Even	though	they	
graze	on	communal	land,	some	herds	are	briefly	driven	into	Sikumi	to	drink	as	long	as	the	pans	




further	 and	 further	 as	 the	 dry	 season	 progresses	 (Valls	 Fox	 &	 Perrotton	 unpublished	
interviews).		
In	agreement	with	cattle	owners,	traditional	authorities	and	local	veterinary	services,	cattle	
belonging	 to	 different	 herds	 from	 6	 villages	 found	 along	 Sikumi	 Forest	 boundary	 were	
equipped	with	GPS	collars	recording	1	location	every	hour	(Africa	Wildlife	Tracking,	SA).	Five	
cattle	were	 tracked	 in	 2010-2011	 and	 9	 in	 2012-2014.	 For	 each	 one	 of	 the	 three	 seasons	
defined	by	the	pastoral	calendar,	we	modeled	the	probability	of	cattle	presence	inside	Sikumi	










The	 cattle	 spatial	 distribution	 accounted	 for	 distance	 to	 the	 home	 kraal,	 distance	 to	 the	
boundary	of	Sikumi	forest,	distance	to	water	and	vegetation	type	(Bushed	woodland	was	used	
as	a	 reference	 category).	Distance	 to	water	was	based	on	 the	 rainy	 season	distribution	of	
water	 pans	 (Figure	 40)	 for	 all	 three	 seasons	 because	 cattle	 drank	 at	 boreholes	 outside	 of	
Sikumi	 Forest	 during	 the	 dry	 season	 but	 distance	 to	 water	 could	 account	 for	 piospheres	










to	water	 x	 vegetation	 type	 interaction	were	 removed	 for	 the	 cold	dry	 and	hot	dry	 season	
models.	Finally	the	quadratic	effect	of	the	distance	to	the	home	kraal	was	removed	from	the	
hot	 dry	 season	model.	Model	 robustness	was	 validated	 using	 a	 6	 fold	 cross-validation	 by	









September	 2013,	 March,	 April	 and	 August	 2014	 respectively.	 A	 last	 collar	 was	 fitted	 in	
December	2013	and	provided	data	until	July	2014.	Buffalo	collars	were	manufactured	by	Africa	













(UD)	 using	 the	 biased	 random	 bridges	 for	 movement-based	 kernel	 density	 estimation	
approach	 (Benhamou	 2011;	 Cornélis	 et	 al.	 2011).	 Fine	 scale	 buffalo	 habitat	 selection	was	
modelled	with	Step	Selection	Functions	(SSF).	Movement	paths	of	buffalo	were	decomposed	
into	a	series	of	steps	(i.e.	straight-line	segments	 linking	successive	1	h	 locations),	and	each	
step	was	 paired	with	 10	 random	 steps	 to	 create	 a	 stratum.	 Random	 steps	 had	 the	 same	




We	 estimated	 SSF	 parameters	 using	 conditional	 logistic	 regression	 within	 a	 generalized	
estimating	equation	(GEE)	framework.	
Temporal	 autocorrelation	 between	 the	 steps	 can	 bias	 the	 standard	 errors	 of	 parameter	
estimates.	Following	Forester	et	al.	(2009),	we	determined	the	autocorrelation	time	lag	was	
of	3	hours	for	buffalo.	As	ruminants,	buffalo	alternate	3-5h	active	foraging	bouts	with	resting	
and	 rumination	 (Sinclair	 1977).	 Natural	 breakpoints	 between	 these	 bouts	 emerged	 at	 4h,	
before	the	morning	bout,	12h,	before	the	evening	bout	and	20h,	before	the	night	bout	(Figure	
42a).	We	chose	to	run	three	separate	SSF	models	on	each	one	of	the	3	daily	foraging	periods.	
We	 calculated	 robust	 standard	 errors	 after	 having	 grouped	 all	 steps	 occurring	 the	 same	
foraging	bouts	 in	 independent	clusters	 (Fortin	et	al.	2005;	Craiu,	Duchesne	&	Fortin	2008).	










The	 model	 included	 relative	 cattle	 density	 obtained	 from	 the	 IPP	 model	 as	 well	 as	 the	


















pan	dry	up	had	been	conducted	 in	2010	and	2011.	 In	 spite	of	considerable	 range	overlap,	
elephant	bulls	 range	 independently	 and	 spend	 less	 than	1%	of	 their	 time	 together.	Unlike	
buffalo	 that	moved	as	a	 cohesive	herd,	 individual	 variability	was	accounted	 for	by	using	a	
mixed	 conditional	 logistic	 regression	 model	 (Duchesne,	 Fortin	 &	 Courbin	 2010)	 using	 the	




Being	 monogastric	 herbivores,	 elephants	 do	 not	 have	 the	 clear-cut	 succession	 of	 active	
foraging	bouts	 and	 resting	 and	 ruminating	 (Figure	42b).	 Since	 cattle	 enter	 the	 Forest	 area	




















Id	 rain	 Cold	dry	 Hot	dry	 	 Id	 rain	 Cold	dry	 Hot	dry	
Di7	 98%	 13%	 29%	 	 Mb9	 38%	 5%	 26%	
Jw3	 99%	 26%	 34%	 	 Mg6	 68%	 68%	 -	
Jw4	 70%	 17%	 10%	 	 Mg8	 95%	 30%	 51%	
Lu9	 84%	 13%	 6%	 	 Si5	 96%	 24%	 58%	
Mb2	 98%	 7%	 3%	 	 Si6	 99%	 26%	 54%	
Mb8	 87%	 9%	 33%	 	 	 	 	 	
	
Table	5	Maximum	distance	to	the	boundary	by	season	(km)	
Id	 Rain	(mean	±	sd)	 Colddry	(mean	±	sd)	 Hot	dry	(mean	±	sd)	
Di7	 1.4	 ±0.8	 0.5	 ±0.8	 1.0	 ±1.1	
Jw3	 2.2	 ±0.5	 0.6	 ±0.5	 1.8	 ±1.6	
Jw4	 1.1	 ±0.7	 0.8	 ±0.5	 1.4	 ±1.3	
Lu9	 0.9	 ±0.6	 1.0	 ±0.4	 0.7	 ±0.3	
Mb2	 1.6	 ±0.5	 1.7	 ±0.5	 1.0	 ±1	
Mb8	 1.6	 ±0.6	 1.2	 ±0.9	 1.1	 ±1.2	
Mb9	 1.4	 ±0.8	 0.7	 ±0.6	 1.4	 ±1.3	
Mg6	 1.1	 ±0.4	 0.4	 ±0.4	 -	 -	
Mg8	 0.8	 ±0.6	 0.2	 ±0.3	 0.5	 ±0.7	
Si5	 2.3	 ±0.8	 1.6	 ±1.3	 1.8	 ±1.3	





Id	 Rain	(mean	±	sd)	 	 Cold	dry	(mean	±	sd)	 	 Hot	dry	(mean	±	sd)	 	
Di7	 3.8	 ±1.4	 	 1.3	 ±1.7	 	 2.6	 ±1.8	 	
Jw3	 4.7	 ±1.2	 	 0.2	 ±0.6	 	 3.2	 ±2.3	 	
Jw4	 1.8	 ±1.3	 	 0.4	 ±0.6	 	 2.2	 ±2	 	
Lu9	 3.3	 ±1.7	 	 2.9	 ±1.1	 	 1.9	 ±1.1	 	
Mb2	 4.4	 ±1.3	 	 3.8	 ±1.5	 	 1.7	 ±1.7	 	
Mb8	 4.1	 ±1.4	 	 2.0	 ±1.5	 	 2.4	 ±2.2	 	
Mb9	 3.9	 ±1.6	 	 1.9	 ±1.7	 	 4	 ±2.7	 	
Mg6	 5.4	 ±2.2	 	 2.1	 ±2.7	 	 -	 -	 	
Mg8	 6.0	 ±2.3	 	 1.9	 ±3	 	 2.5	 ±3.1	 	
Si5	 5.0	 ±1.1	 	 2.6	 ±2	 	 3.9	 ±2.5	 	





































between	 them.	However,	 these	overlaps	do	not	necessarily	 imply	 increased	 contact	 rates.	
Collared	buffalo	and	cattle	followed	in	synchrony	were	within	less	than	1km	of	each	other	on	
only	 two	 occasions	 during	 the	 entire	 2010	 and	 2013	 hot	 dry	 seasons,	 along	 the	 corridor	
between	2	major	pans	just	north	of	the	Hwange	National	Park	airport	(Figure	44c).	Beyond	
































rain	 21-67	 2.5	 35-59	 3.0	
colddry	 15-42	 1.9	 4-23	 1.1	




from	 water	 during	 the	 rainy	 season.	 The	 limited	 overlap	 between	 cattle	 and	 buffalo	 is	
explained	 by	 consistent	 selection	 of	 areas	 away	 from	 the	 boundary	 and	 an	 even	 stronger	















the	evening	bout	 in	 the	hot	dry	season.	However,	during	 the	hot	dry	season,	buffalo	have	














Yet	buffalo	do	not	avoid	 the	boundary	as	 strongly	 than	during	daylight	hours	and	we	only	




when	buffalo	actively	 seek	out	open	areas	close	 to	water.	Buffalo	 take	 the	opportunity	 to	
range	away	from	water	during	the	cooler	nighttime	hours	of	the	hot	dry	season.		

































































and	 arid	 ecosystems.	 All	 three	 species	 considered	 in	 this	 paper	 are	water	 dependent	 and	
prefer	 open	 grassland	 habitats	 that	 are	 associated	 with	 water	 pans	 in	 the	 bushland	 and	
woodland	 savannas	 that	dominate	Sikumi	Forest	 (Figure	43Figure	45	Figure	47).	However,	
neither	 domestic	 nor	 wild	 herbivores	 are	 free	 to	 use	 these	 habitats	 according	 to	 their	
preference.	Cattle	incursions	are	strongly	constrained	by	the	central	place	effect	of	their	home	
kraal	that	keeps	them	from	wandering	beyond	a	few	kilometers	from	the	boundary	(also	see	






4.1 The	 effects	 of	 seasonality	 on	 cattle-wildlife	 distribution	 and	 avoidance	
patterns	
Seasonal	changes	in	habitat	selection	at	both	large	and	fine	scales	shed	light	on	the	roles	of	














availability	during	 the	 cold	dry	 season	which	allows	buffalo	 to	exploit	 these	areas	without	














as	 the	 peak	 of	 the	 dry	 season.	 Spatial	 overlaps	 between	 buffalo	 and	 cattle	 reflect	 the	
distribution	of	water	pans	pumped	by	safari	operators.	Overlap	was	greatest	along	a	corridor	































but	not	 in	 time	 (Cooper	et	al.	2008;	Atickem	&	Loe	2014)	or	even	co-mingle	 (Dohna	et	al.	
2014).	 Such	 differences	may	 even	 occur	 for	 the	 same	 species	 at	 different	 study	 sites.	 For	
instance,	buffalo	strongly	avoid	cattle	in	Sikumi	Forest	whereas	their	range	overlap	much	more	
extensively	with	cattle	around	the	Greater	Limpopo	Transfrontier	Conservation	Area	(Miguel	






2010;	 Guerbois,	 Chapanda	 &	 Fritz	 2012).	 Rather	 than	 avoiding	 cattle	 per	 se,	 buffalo	 and	
elephants	might	in	fact	be	avoiding	humans.	During	the	rainy	season,	herd	boys	drive	cattle	
into	 Sikumi	 Forest	 and	 remain	with	 them	 for	 the	 entire	 day.	 However,	 cattle	 often	 enter	
unaccompanied	 during	 the	 dry	 season.	 Unfortunately,	 cattle	 movement	 patterns	 reflect	
herding	practices,	one	cannot	tell	whether	elephant	and	buffalo’s	usage	of	areas	closer	to	the	








does	 the	 presence	 of	 cattle	 herders	 necessarily	 imply	 a	 greater	 displacement	 of	 wild	
herbivores.	 In	 East-African	 savannas,	 sedentarisation	 of	 nomadic	 pastoral	 communities	
resulted	 in	 a	 decline	 in	 herbivore	 abundance	 attributed	 to	 displacement	 from	 key	 grazing	
resources	 by	 resident	 livestock	 (Western,	 Groom	 &	 Worden	 2009).	 The	 decline	 neither	
resulted	 from	 increased	 offtake	 nor	 from	 higher	 cattle	 densities:	 A	 neighboring	 nomadic	











in	 Sikumi	 Forest	 may	 effectively	 exclude	 wild	 herbivores	 from	 the	 vicinity	 of	 the	 Forest	
boundary.		
4.3 Edge	effects	at	an	unfenced	interface	




higher	 close	 to	 the	 boundary	 of	 their	 home-range	 than	 further	 inside	 the	 protected	 area.	
Throughout	the	year,	elephant	bulls	select	for	intermediate	distances	to	the	boundary.	As	a	
result,	 both	 species	 avoid	 Sikumi	 Forest	 boundary	 but	 bunch	 up	 against	 a	 virtual	 fence	




similar	 to	 caribou	 aggregation	 close	 to	 anthropogenic	 features	 described	 by	 Fortin	 et	 al.	
(2013).	 However,	 in	 Sikumi	 Forest,	 we	 identified	 cattle	 incursions	 and	 the	 distribution	 of	









to	 decrease	 and	 and	 temperatures	 to	 rise	 during	 the	 21st	 century	 (Giannini	 et	 al.	 2008).	
Reductions	in	rainfall	have	two	effects:	A	decrease	in	primary	productivity	and	thus	dry	season	
forage	quantity	and	a	reduction	in	available	habitat	earlier	on	during	the	dry	season	as	natural	



















Cattle	 are	 ubiquitous	 and	 highly	 valued	 in	 most	 agro-pastoral	 societies	 that	 live	 around	
protected	 areas	 worldwide.	 However,	 cattle	 incursions	 into	 protected	 areas	 are	 often	
perceived	as	“unnatural”	and	considered	as	a	threat	to	wildlife	via	overgrazing	(Butt	2014).	
The	potential	for	cattle	owners	and	their	herds	to	displace,	yet	avoid,	species	such	as	buffalo	
and	 elephant	 may	 in	 fact	 provide	 the	 baseline	 for	 coexistence.	 In	 order	 to	 maintain	 the	
integrity	of	protected	area	boundaries,	two	mechanisms	may	be	mobilized:	fear	of	humans	
and	resource	availability.	In	arid	lands,	water	provisioning	may	be	designed	to	allow	for	the	
segregation	 of	 livestock	 and	 wildlife	 in	 order	 to	 avoid	 conflict.	 However,	 in	 more	 mesic	
landscapes,	such	as	savannas	during	the	rainy	season,	the	relation	between	cattle	and	wildlife	
may	be	one	of	facilitation	rather	than	competition	(Voeten	&	Prins	1999;	Odadi	et	al.	2011).	





















novel	 ecosystem	 with	 no	 historical	 precedent	 (Hobbs,	 Higgs	 &	 Harris	 2009)	 where	 key	
















migration	 in	 Southern	 Africa.	 As	 soon	 as	 cumulated	 rainfall	 is	 sufficient	 to	 start	 filling	 up	
seasonal	water	pans,	migrants	travel	west	or	south	west	over	a	period	lasting	from	several	
days	to	several	weeks.	After	a	single	rainfall	event	swept	through	the	center	of	the	park	on	



















et	 al.	 2014).	 Hwange	 NP	 is	 characterized	 by	 a	 north-east	 to	 south-west	 rainfall	 gradient.	




two	 life	 history	 strategies.	 Our	 preliminary	 results	 suggest	 the	 heterogeneity	 of	 rainfall	









patterns	 in	 the	 development	 of	 the	 Kavango-Zambezi	 Transfrontier	 Conservation	 Area.	




























Our	 study	 revealed	 that	 elephants	 mitigate	 the	 trade-off	 between	 drinking	 and	 foraging	
constraints	during	the	dry	season	by	(i)	making	directed	movement	between	waterholes	and	





Current	 central	 place	 foraging	 models	 explicitly	 consider	 constant	 travelling	 speed	 and	



























possible,	 to	 minimize	 missed	 opportunity	 costs	 similarly	 to	 other	 central	 place	 foraging	




movement	 metrics	 that	 change	 the	 space-time	 properties	 of	 a	 trip	 such	 as	 speed	 and	
straightness	in	central	place	or	multiple	central	place	foraging	models.	Species	such	as	larger	
herbivores	and	colonial	seabirds	or	mammals	with	different	minimum	costs	of	transport	and	
body	 sizes	would	 be	 particularly	 good	 candidates	 to	 assess	 the	 importance	 of	movement	































elephant	 preference	 to	 visit	waterholes	 at	 dusk	 enables	 them	 to	 cool	 off	 by	 spraying	 and	
bathing	upon	arrival	(Rowe	et	al.	2013;	Dunkin	et	al.	2013)	whereas	during	the	outgoing	trip	























and	behavioral	 adaptations	 that	 allow	 them	 to	 exploit	 different	water	 dependence	niches	
(Redfern	et	al.	2003;	Fuller	et	al.	2014).	Elephants	may	have	a	greater	propensity	to	increase	
travelling	speed	due	to	their	higher	thermoregulatory	constraints	and	greater	foraging	time	











to	 increase	 for	 similar	 rainfall	 and	 primary	 productivity	 (Illius	 &	O’Connor	 2000).	 A	 dense	






over	 the	 last	 two	 decades	 (Gaylard,	 Owen-smith	 &	 Redfern	 2003).	 Waterhole	 density	 in	
Hwange	 NP	 never	 reached	 the	 levels	 of	 Kruger.	 However,	 following	 a	 drop	 in	 water	
provisioning	during	 the	2000-2010	decade	new	boreholes	 are	being	 sunk	 and	water	point	
density	is	increasing,	particularly	in	private	concessions	which	may	have	several	water	pans	
within	 a	 few	 kilometers	 of	 one	 another.	 However,	 few	 studies	 have	 attempted	 to	 put	



















to	keep	moving	or	slow	down	and	 forage:	When	the	elephant	 is	1km	from	water,	 if	 it	
decides	to	go	1km	further,	the	area	of	available	habitat	will	quadruple.	 If	the	elephant	
asks	itself	the	same	question	at	8km	from	water,	the	area	of	available	habitat	will	only	





(i.e.	 in	 the	 1980’s)	 it	may	be	highly	 advantageous	 to	 travel	 away	 from	water	 at	 short	






Figure	 52:	 Theoretical	 marginal	 habitat	 gain.	 Although,	 the	 surface	 area	 increases	
















be	 particularly	 relevant	 for	 rare	 and	 less	 water	 dependent	 species	 such	 sable	 and	 roan	
antelope	 (Hippotragus	niger	 and	Hippotragus	 equinus)	whose	decline	has	been	associated	
with	 water	 provisioning	 and	 attributed	 to	 direct	 and	 indirect	 competition	 with	 dominant	
grazers	such	as	wildebeest	and	zebra	(Harrington	et	al.	1999)	or	possibly	elephants	(Crosmary	










shown	 in	grey	 (50%	Utilization	Distribution)	and	 the	 total	 range	 in	white	 (95%	UD)	 for	a	
migrant	 (a)	 and	 a	 resident	 individual	 (b).	Waterholes	 are	 represented	 by	 blue	 points.	 A	
waterhole	 density	 function	 (smoothing	 factor	 =	 6km)	 is	 shown	 in	 the	 background.	 The	
dashed	line	is	at	15km	from	water.	


















Jammes,	 Fritz	 &	 Murindagomo	 2007b).	 Current	 pumping	 efforts	 are	 shared	 between	
Zimbabwe	 Parks	 and	Wildlife	Management	 Authority,	 private	 tourism	 concessions	 and	 an	
NGO	(Friends	of	Hwange).	During	the	course	of	my	PhD,	game	water	supply	was	in	a	state	of	
permanent	crisis;	undermanned,	underfunded	and	relying	on	obsolete	equipment.	As	a	result,	
pumping	 effort	 management	 is	 currently	 dictated	 by	 economic	 rather	 than	 ecological	
priorities.	Waterholes	 that	provide	 the	best	game	viewing	opportunities	are	maintained	 in	
priority.	Over	 the	 past	 few	 years	 new	boreholes	 have	 been	 sunk	 in	 the	 vicinity	 of	 private	
concessions.	 The	more	popular	 and	accessible	water	pans	 (e.g.	Guvalala	&	Nyamandhlovu	
Figure	54,	pers.	obs.)	have	a	more	reliable	water	supply	than	the	more	isolated	water	pans	
that	are	the	first	ones	sacrificed	in	times	of	fuel	shortage	and	are	 less	 likely	to	be	repaired	




my	 personal	 observations	 in	 the	 field,	 I	 fear	 these	 trends	might	 reduce	 the	 ability	 of	 the	
Hwange	 socio-ecosystem	 to	 meet	 the	 challenges	 of	 wildlife	 conservation	 in	 a	 context	 of	
aridification.	
	








&	Murindagomo	 2007a)	 and	 expected	 to	 worsen	 over	 the	 region	 during	 the	 21st	 century	
(Giannini	et	al.	2008).	Rather	than	a	decrease	in	average	precipitation,	inter-annual	variability	
has	risen	in	a	highly	variable	environments,	increasing	the	frequency	and	severity	of	droughts	
(Fauchereau	 et	 al.	 2003;	 Chamaillé-Jammes,	 Fritz	 &	 Murindagomo	 2007a).	 Droughts	 are	















home-range.	As	a	 result	of	 aggregation,	 areas	with	higher	waterhole	densities	also	harbor	










Our	 analysis	 of	 elephant	movement	 in	 chapter	 2	 sheds	 light	 on	 the	 underlying	 process	 of	
resource	 limitation	 for	 elephants:	 As	 the	 dry	 season	 progresses,	 elephants	 increase	 their	
drinking	 frequency,	 distance	 to	 water	 and	 travelling	 speed.	 Elephants	 increase	 energetic	
expenditure	and	possibly	exposure	to	thermoregulatory	stress.	In	our	study,	this	increase	was	





perennial	water	 pans).	 It	 is	 uncertain	whether	 the	 trend	 in	 increasing	 speed	 and	 distance	
during	24h	trip	would	continue	until	the	values	become	similar	to	48h	long	trips.	However,	we	
previously	concluded	trip	speed	and	perhaps	distance	may	not	increase	beyond	these	values	




An	 accurate	 knowledge	 of	 population	 abundance	 and	 distribution	 is	 paramount	 for	 both	
managers	and	researchers.	Large	mammal	populations	in	Hwange	NP	are	estimated	annually	
by	a	standardized	waterhole	counts	over	a	period	of	24h.	Waterhole	counts	cover	all	water	
dependent	species,	are	relatively	easy	to	 implement,	 less	costly	 than	road	counts	or	aerial	
counts.	 These	 counts	 are	 currently	 conducted	 by	 volunteers	 affiliated	 to	 Wildlife	 &	
Environment	Zimbabwe	(WEZ).	However,	the	total	number	of	animals	counted	is	negatively	
correlated	to	annual	rainfall	(Chamaillé-Jammes	et	al.	2008).	The	influence	of	rainfall	can	be	
accounted	 for	 by	 comparing	 waterhole	 counts	 to	 aerial	 counts	 (Valeix	 et	 al.	 2008b).	











nearly	 twofold	 for	 during	 the	 dry	 season	
(chapter2).	 The	 weekly	 distribution	 of	 trip	
durations	 can	 be	 used	 to	 simulate	 the	





• Typical	 drinking	 frequency	 appears	 to	 vary	 substantially	 between	 sites,	 calling	 for	 site	
specific	corrections.	For	instance	elephants	in	Kruger	NP	prefer	to	drink	at	midday,	do	not	
have	multiple	trip	periods	and	come	to	water	on	average	every	18h	(Thaker	&	Vanak	pers.	



















Elephant	 arrival	 times	 at	 waterholes	 might	 be	 another	 indicator	 of	 increasing	 travelling	
constraints	(Appendix	II,	chapter	2).	Indeed	the	well-marked	peaks	at	5h,	24h,	48h	and	72h	
tend	to	spread	out	during	the	dry	season,	suggesting	elephants	lose	their	ability	to	fine	tune	
trip	 duration	 as	 the	 dry	 season	 advances.	 Interestingly,	 Polansky	 et	 al.	 (2013)	 found	
subordinate	 individuals	 spent	more	energy	and	had	 lower	movement	autocorrelation	 than	
dominant	individuals	during	the	dry	season.	Speed	and	distance	travelled	as	well	as	movement	









of	 key	 movement	 components	 such	 as	 speed,	 travel	 distance	 and	 periodicity	 provide	
behavioral	 indicators	 of	 resource	 limitation.	 The	 next	 step	 is	 to	 effectively	 link	 these	
parameters	to	individual	fitness	and	use	them	to	assess	resource	availability	from	the	animal’s	
perspective.	
Water	 provisioning	may	 provide	 an	 effective	management	 tool	 to	mitigate	 the	 effects	 of	
drought	by	maintaining	 a	 substantial	 part	 of	 the	park	 accessible	 to	herbivores	 (Chamaillé-
Jammes,	Fritz	&	Murindagomo	2007b).	The	buffering	effect	of	waterholes	could	be	enhanced	
by	pumping	some	waterholes	in	areas	with	low	depletion	only	during	periods	of	drought	to	




















into	 the	 communal	 land	 and	 return	 to	 Sikumi	 Forest	 east	 to	 the	 Gwayi	 river	 catchment.	
Widespread	water	availability	during	the	rainy	season	gave	rise	to	spatial	partitioning.	Cattle	
drink	 at	 natural	water	 pans	within	 the	 first	 kilometers	 of	 the	boundary	 and	 graze	 in	 their	
vicinity	 whereas	 buffalo	 and	 elephant	 use	 water	 sources	 further	 inside	 Sikumi	 Forest.	
Although	their	diets	overlap	extensively	during	the	rainy	season	(Prins	2000;	Kartzinel	et	al.	
2015)	wild	and	domestic	herbivores	coexist	at	the	boundary	of	Sikumi	Forest	through	spatial	
partitioning	 (Sitters	 et	 al.	 2009).	 However,	 as	 surface	 water	 becomes	 scarce	 the	 fate	 of	
domestic	 and	wild	 herbivores	 differ.	 Cattle	 obtain	 drinking	water	 from	 boreholes	 at	 their	
home-kraals	which	allows	them	to	graze	freely,	far	away	from	the	dried	up	water	pans,	but	
within	 the	 constraints	 of	 the	 central	 place	 effects	 of	 their	 home-kraal.	 Conversely,	 wild	
herbivores	remain	closer	to	artificial	water	pans	provided	by	safari	operators.	The	location	of	
these	 permanent	 water	 pans	 determines	 the	 outcome	 of	 cattle	 –	 wildlife	 interactions.	




presence	of	cattle	probably	acts	as	a	buffer	and	reduces	wildlife	excursions	 in	 fields	 in	the	
communal	 land.	However,	 during	 the	dry	 season,	 artificial	water	 provisioning	 close	 to	 the	
boundary	 attracts	 wildlife	 that	 no	 longer	 have	 the	 ability	 to	 avoid	 domestic	 livestock.	
Furthermore,	domestic	livestock	can	easily	reach	these	pans	and	may	attempt	to	come	and	
drink.	The	presence	of	livestock	is	a	source	of	conflict	between	tourism	operators	and	cattle	




Gwayi	and	Zambezi	 river	catchments	and	Hwange	National	Park.	However	 the	 locations	of	
these	water	sources	should	be	picked	with	care	to	minimize	conflict	with	people	living	in	the	
area.	Incentives	to	bolster	cattle	husbandry	by	encouraging	communal	herding	may	also	be	
advantageous	 by	 promoting	 spatial	 partitioning	 between	 livestock	 and	 wildlife.	 Particular	
attention	is	needed	in	years	of	drought.	The	1994	drought	was	the	primary	reason	why	cattle	
were	allowed	to	enter	the	Forestry	land	following	substantial	livestock	losses.	Cattle	are	less	
expected	to	suffer	 from	water	scarcity	due	to	 the	presence	of	boreholes	 in	 the	communal	
land,	 however	 they	may	 be	 under	 severe	 intraspecific	 competition	 leading	 them	 to	make	
greater	 incursions	 into	 the	 protected	 area	 (Butt	 2014).	 Equally,	 elephants	 may	 be	 under	
greater	pressure	inside	protected	areas	to	come	out	in	search	of	forage.	Allowing	elephants	





In	 arid	 and	 semi-arid	 ecosystems,	 water	 is	 a	 key	 limiting	 resource	 due	 to	 the	 spatial	 and	
temporal	constraints	it	exerts	on	organisms.	People	have	drastically	modified	this	constraint	






trade-offs	 between	 foraging	 and	 drinking.	 To	 do	 so,	 we	 established	 a	 dynamic	 map	 that	
accurately	mapped	changes	in	water	availability	in	time	and	space.	However,	the	location	of	












was	 a	 strong	 constraint	 on	 elephants	 at	 multiple	 scales.	 It’s	 application	 to	 other	 African	
herbivores	could	provide	the	first	quantification	of	the	role	of	surface	water	in	the	evolution	




species	 of	 herbivores	 throughout	 the	 year.	 In	 the	 long	 run,	 arid	 ecosystems	have	become	
organised	 around	 surface	 water	 through	 major	 processes	 such	 as	 trophic	 relationships	














…	Michel	 for	taking	me	over	the	edge,	outside	of	the	Park	and	 into	the	Communal	 land.	 It	
radically	changed	my	views	on	my	role	as	a	researcher,	my	understanding	of	conservation	and	
hopefully	the	future	of	my	research	commitment.	
…	 Simon	 for	 being	 such	 a	 dedicated	 supervisor,	 I	 have	 learned	 so	much	 scientifically	 and	
















































F.	 Mpala.	 Working	 with	 cattle	 would	 not	 have	 been	 possible	 without	 support	 from	 the	
veterinary	 services	 from	 Cross-Dete	 and	 Hwange,	 especially	 Estelli	 and	 Maseko	 for	 their	
dedication	to	make	meetings,	collaring	and	sample	collection	possible.	Finally,	I	would	like	to	
































- Elephants	 :	 Confidence,	 Buhle,	 Persephone,	 Bernadette,	 Ana,	 Trumpet,	 Gugulethu,	
Celeste,	Bindi,	Lokuseni,	Lara,	Thea,	Fabi.	
- Zebras	:	Penelope,	Fiesta,	Sophie,	Nobuhle,	Impatience,	Ruramai,	Christelle,	Calamity	
Jen,	Marilyn,	 Eunice,	 Nerina,	 Nives,	 Sanile,	 Andrea,	 Shirley,	 Apero,	 Calypso,	 Peace,	
Beauty,	Lionsteak,	Juliet.	
- Buffalos	 :	 	 Gertrude,	 Black	 Suit,	 Mai	 Nyathi,	 Cleopatra,	 Steak,	 Frites,	 Alexandra,	
Cordelia,	Michelle,	Marguerite,	Natsai,	Simone,	Danielle	
- Cows:	Dairy	Board,	Maintenance,	River,	Nherera,	Sgudula,	Nagunje,	Zambezi,	Deleja,	
Mathokasi,	 Darling,	 Thandi,	 Sister,	 Goodboy,	 London,	 Tunisia,	 Morocco,	 Uruguay,	
Dairy	Board,	America,	Social,	Thukuza,	Bedford,	Black	Suit,	Bicycle,	Butterfly,	Gwayi,	
Africa,	 Culture,	 Mountrose,	 Nkanyezia,	 Domestic,	 White	 face,	 Queen,	 Wounded,	
Panyaza,	 Matokazi,	 Majority,	 Hambubuye,	 Highlander	 Only,	 Mbembezi,	 Choice,	
Suduzaki,	 Twist,	 Peace	 Order,	 Lapu,	 Crest,	 Matokas,	 Bullet,	 Dairy	 Board,	 Vampire,	
Bantom,	Makwandara,	Jackson,	Billy,	Chigangacha,	Sundu,	Bamu,	Nyamazano,	Zivuma,	
Mathokazi,	Nyati,	Juluka,	Vulindela,	Thimlele,	Nkonkasi,	Zandile,	Mountrose,	Ganukazi,	
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